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PREFACE
 
Prior to the federal Pollution Prevention Act of 1990, illinois lawmakers targeted pollution 
prevention as the method of choice for managing pollution with the Toxic Pollution Prevention 
Act of 1989 (P.A. 86-914, as amended). However, shifting from familiar end-of-pipe pollution 
control strategies to approaches involving prevention has been difficult from both regulatory and 
industrial perspectives. This is partly because it is difficult to evaluate the benefits of pollution 
prevention projects in comparison to pollution control methods. Also, the ways in which a 
pollution prevention project can effect other plant requirements are not often easily understood. 
Thus, incorporating pollution prevention beyond good operating practices is problematic, 
demanding a departure from a "cookbook" approach. Regulatory and industry personnel require 
training on measurement of pollution prevention, on the benefits of pollution prevention strategies 
as opposed to control strategies, on making economic comparisons between pollution prevention 
and end-of-pipe controls, and on the needs of a facility that is implementing a pollution 
prevention project instead of an end-of-pipe control strategy. Joint training materials on 
evaluation of pollution prevention projects, such as this handbook, will help to provide regulatory 
and industry personnel with a common vocabulary, increasing the dialogue between them and 
allowing the regulatory permit-writing and inspection processes to realize their full potential as 
promoters of pollution prevention. 
In addition to the need for training materials for environmental professionals, there is a 
need for more college-level curricular materials on pollution prevention if engineering graduates 
are to be acquainted with the constraints facing process engineers. In addition, accreditation 
requirements for engineering schools are currently emphasizing open-ended problems, or 
problems for which there is more than one solution. The evaluation of pollution prevention 
projects is by its very nature open-ended, and the need for such curricular materials is addressed 
by this handbook as well. 
The handbook is designed to be suitable for use in short courses, training sessions, and 
as a supplementary text in university-based engineering design courses. The focus of this 
handbook is the refining and chemical processing industries. These industries are responsible for 
nearly half of the releases and transfers reported in the Toxic Chemical Release Inventory (TRI) 
in the state of Illinois (TRI90, 1993). In Illinois, these industries are responsible for 31 % ofTRI­
reported environmental releases, 76% of transfers to publicly-owned treatment works, and 34% 
of transfers to other off-site locations. In addition, 24% of Illinois facilities that report in the TRI 
belong to this group of industries. 
This handbook is organized into four sections. In the first section, the elements of a 
pollution prevention program are discussed, and an industrial perspective on the process of 
implementing pollution prevention at a facility is provided. The basic structure of a pollution 
prevention program is described, followed by methods for identifying critical waste streams. In 
the second section, the ways in which the volume and/or toxicity of waste streams can be reduced 
through chemical substitution, improved operations, and process modifications are described. 
Topics are presented in the context of unit operations, an approach that allows for a general 
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rather than a process-specific understanding of pollution prevention. This section provides 
training on identification and evaluation of clean technologies, and on assessment of techniques ­
and technologies for reducing waste at the source. In addition, flow sheeting tools for evaluating 
the overall effectiveness of a pollution prevention strategy are presented. Tradeoffs encountered 
when chemical substitution is the route to prevention are also discussed. In the third section total 
cost assessment of the economic impacts and liabilities associated with current disposal practices 
are presented in order to illustrate the potential economic benefits of pollution prevention as 
opposed to waste treatment strategies. Suggestions for quantifying future liabilities and hidden 
costs are described, and methods for prioritizing pollution prevention options are given. The 
fourth and final section takes the form of case studies comparing pollution prevention with end­
of-pipe methods for controlling waste. In addition to background material, each case study 
contains three types of questions: discussion questions for non-technically trained personnel, 
quantitative problems that illustrate engineering principles, and open-ended questions for students 
in upper-division engineering design courses for which there exists more than one solution. A 
possible solution is provided for each question. 
REFERENCES 
TRI90, Toxic Chemical Release Inventory for 1990 (data base), National Library of Medicine, 
Bethesda, MD, April 1993. 
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1 SECTION 1
 
ELEMENTS OF POLLUTION PREVENTION PROGRAMS
 
SECTION 1
 
ELEMENTS OF POLLUTION PREVENTION PROGRAMS
 
This section includes a definition of pollution prevention tenns, a description of the 
benefits of and barriers to implementation of pollution prevention, and a description of a generic 
management framework for a pollution prevention program. Additionally, the tasks involved in 
identifying critical waste streams at a facility are described. 
1.1	 THE WASTE MANAGEMENT HIERARCHY AND THE 
DEFINITION OF POLLUTION PREVENTION 
A description of the waste management hierarchy provides a helpful background for 
understanding the definition of pollution prevention. It is well accepted that a wide range of 
solutions to environmental problems exists and that some solutions are preferable to others, so 
that there is a hierarchy of waste management alternatives. In the Pollution Prevention Act of 
1990, the waste management hierarchy is stated as follows: 
The Congress hereby declares it to be the national policy of the United States that pollution should 
be prevented at the source whenever feasible; pollution that cannot be prevented should be recycled 
in an environmentally sound manner, whenever feasible; pollution that cannot be prevented or 
recycled should be treated in an environmentally safe manner whenever feasible; and disposal or 
other release into the environment should be employed only as a last resort and should be 
conducted in an environmentally safe manner. 
Based on this and similar descriptions, the elements of the waste management hierarchy can be 
further refined and placed in the following order of preference: 
1) source reduction, 
2) in-process recycling, 
3) on-site recycling, 
4) off-site recycling, 
5) waste treatment to render the waste less hazardous, 
6) secure disposal, and 
7) direct release to the environment. 
In Figure 1-1 these seven elements are simplistically depicted for a reactor in which a product 
and a waste are created, as follows: 
1) source reduction: the reactor is modified so that less waste is created, 
2) in-process recycling: the output of the reactor is sent through a separator and any 
unreacted feed is sent back to the react()r, 
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Figure 1-1. Examples depicting the levels of the waste management hierarchy. 
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3) on-site recycling: waste from the reactor is converted in a second reactor to a 
saleable product, 
4) off-site recycling: waste from the reactor is sent off-site, where it is converted in 
a second reactor to a saleable product, 
5) waste treatment: waste from the reactor is treated so that it is less hazardous, 
6) secure disposal: waste from the reactor is sent to a secure landfill, and 
7) direct release: waste from the reactor is released directly to the environment. 
The Pollution Prevention Act of 1990 fails to define the term pollution prevention, despite 
using it in the Act's citation. In May of 1992, however, the EPA announced a formal definition 
(Habicht, 1992): 
Pollution prevention means "source reduction," as defined under the Pollution Prevention Act, and 
other practices that reduce or eliminate the creation of pollutants through: 
increased efficiency in the use of raw materials, energy, water, or other resources, or 
protection of natural resources by conservation. 
The federal definition of source reduction from the Pollution Prevention Act of 1990 is as 
follows: 
(A)	 The term "source reduction" means any practice which-­
(i)	 reduces the amount of any hazardous substance, pollutant, or contaminant 
entering any waste stream or otherwise released into the environment (including 
fugitive emissions) prior to recycling, treatment, or disposal; and 
(ii)	 reduces the hazards to public health and the environment associated with the 
release of such substances, pollutants, or contaminants. 
The term includes equipment or technology modifications, process or procedure 
modifications, reformulation or redesign of products, substitution of raw materials, and 
improvements in housekeeping, maintenance, training, or inventory control. 
(B)	 The term "source reduction" does not include any practice which alters the physical, 
chemical, or biological characteristics or the volume of a hazardous substance, pollutant, 
or contaminant through a process or activity which itself is not integral to and necessary 
for the production of a product or the providing of a service. 
The federal definition of pollution prevention does not include recycling, and states that 
(Habicht, 1992): 
Drawing an absolute line between prevention and recycling can be difficult. "Prevention" includes 
what is commonly called "in-process recycling," but not "out-of-process recycling." Recycling 
conducted in an environmentally sound manner shares many of the advantages of prevention, e.g. 
energy and resource conservation, and reducing the need for end-of-pipe treatment or waste 
containment....Some practices commonly described as "in-process recycling" may qualify as 
pollution prevention. 
The EPA therefore considers pollution prevention to encompass only the first two elements of 
the waste management hierarchy. Even though the EPA has issued a formal definition of 
pollution prevention, the concept remains ambiguous. If "[p]ollution prevention means...practices 
that reduce or eliminate the creation of pollutants through...increased efficiency in the use of raw 
materials, energy, water, or other resources," then out-of-process and off-site recycling would in 
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many cases fall within the definition of pollution prevention, except that they are expressly 
excluded. 
In Illinois' Toxic Pollution Prevention Act of 1989, lawmakers developed a definition for 
toxic pollution prevention that also excludes most types of recycling. In illinois, toxic pollution 
prevention is defined as (WRITAR, 1991): 
in-house practices that reduce, avoid or eliminate the use, generation, disposal, release or 
manufacture of toxic constituents. It can be achieved through: 
1.	 input substitution: replacing toxic with less- or non-toxic 
2.	 product refonnulation: less- or non-toxic end-products 
3.	 production process redesign and modification 
4.	 production process modernization: upgrading based on same production process 
5.	 improved operation and maintenance: process control, housekeeping and 
inspection 
6.	 recycling and reuse: using equipment and methods integral to production process 
(closed loop). 
Expressly excluded from the Illinois definition of toxic pollution prevention are incineration, 
media-shifting, off-site or off-process recycling, and end-of-pipe treatment. 
Trade organization and industry definitions of pollution prevention tend to be more 
expansive. The Pollution Prevention Task Force of the American Petroleum Institute (API), for 
example, has developed the following working definition of pollution prevention (API, 1993): 
Pollution prevention is a multi-media concept that reduces or eliminates pollutant discharges to air, 
water, or land and includes the development of more environmentally acceptable products, changes 
in processes and practices, source reduction, beneficial use and environmentally sound recycling. 
Many states and the Department of Defense have also developed definitions of pollution 
prevention that include the fIrst four elements of the waste management hierarchy. Thus, it is 
important to recognize that no general consensus exists on the definition of pollution prevention. 
In this handbook, an inclusive rather than an exclusive definition is adopted, and source reduction 
along with all types of recycling are discussed. 
1.2	 AN INDUSTRIAL PERSPECTIVE ON POLLUTION PREVENTION 
Pollution prevention can result in economic gains for industry as well as environmental 
gains for the public. However, economic gains are not the rule, and many in indu~try feel that 
there are critical barriers to pollution prevention that are not recognized by the public or the 
regulatory community. If pollution prevention is to be promoted, these barriers must be 
addressed. To this end, an industrial perspective on the benefits of and barriers to pollution 
prevention is presented in this subsection. 
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1.2a THE BENEFITS OF POLLUTION PREVENTION 
Increased profitability is the primary driving force for industry to institute pollution 
prevention projects. In a study completed by INFORM, the savings from 62 pollution prevention 
projects reported by 27 plants totalled $21 million annually (Underwood, 1993). Sometimes an 
investment in improved plant equipment results in costs savings coupled with pollution 
prevention. At one large chemical plant, floating roofs added to the storage tanks containing the 
most volatile compounds reduced evaporative emissions by 90% while saving $200,000 annually 
(Underwood, 1993). Changes in operating procedures can also result in reduced waste generation 
and cost savings. At a reagent chemicals plant, a computerized materials tracking system was 
put into use that facilitated the identification of 21 source reduction initiatives. These initiatives 
cut waste by more than 600,000 pounds per year at an annual savings of more than half a million 
dollars (Underwood, 1993). Most chemical plants and oil refineries were designed and built 
when the cost of waste treatment and disposal were much lower than they are now. Due largely 
to the rising costs of traditional waste disposal methods, some pollution prevention alternatives 
that were previously not economic are now the most cost-effective means of managing waste. 
There is also evidence that the choices that consumers make can be motivated by whether 
the products they purchase are considered "green." Thus, a company that aggressively practices 
pollution prevention may stand to gain economically if their public image is improved. 
Recruitment as well as marketing is aided by a good public image. Similarly, community 
relations can be improved if a facility is perceived of as environmentally sensitive. Another 
possible long-term result of good corporate citizenship is the destruction of the traditional 
adversarial relationships between industry, regulators, activists, and the public (Jacobs, 1992). 
If this traditional relationship is replaced by one of trust, regulatory demands and their costs 
might be relaxed. 
1.2b BARRIERS TO POLLUTION PREVENTION 
From the perspective of industry, there are basically two categories of barriers to pollution 
prevention: those that must be overcome by the marketplace and industry, and those that must 
be addressed by regulators (Jacobs, 1992). 
Industrial Barriers 
One of the potential barriers to pollution prevention occurs when there is tension between 
long-term environmental gains and short-term profits. Although prevention is in some cases the 
most cost-effective method available for addressing pollution, pollution prevention is not 
synonymous with profit. Some source reduction measures require very high capital costs, and 
would place the facility implementing them at a competitive disadvantage. Pollution prevention 
options that make obvious good business sense using traditional accounting methods (generally 
those with low capital costs) are thought by some to have already been implemented at large 
companies, making further reductions more costly (Jacobs, 1992). 
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Industry has to address technological as well as economic barriers to pollution prevention. 
Further strides in pollution prevention beyond improved operation and maintenance procedures, ­
spill and leak prevention, replacing and reclaiming solvents, and minor equipment modifications 
often face technological barriers. Treatment methods are well understood, but source reduction 
methods can have unforeseen outcomes, including reduced product quality and failure to meet 
compliance standards. 
Institutional barriers to pollution prevention must also be addressed by industry. Pollution 
prevention is not in general an institutionalized industry value like safety, profitability, and 
product quality (Jacobs, 1992). This barrier could be overcome if pollution prevention was 
treated in much the same way as safety: safety is a factor that overrides economic considerations 
and it would be unethical for a manager to knowingly approve an unsafe design. Conversely, 
environmental problems tend to be viewed in the light of whether or not they place the facility 
out of compliance with existing regulations, and pollution prevention options are generally judged 
along with waste treatment options on the basis of economic merit alone. The institutionalization 
of safety as a primary industry value is facilitated in part by external measures of safety, so that 
the costs of unsafe operation are somewhat tangible. The insurance industry helps to identify 
costs and liabilities, and there are many experts and organizations that collect safety data and 
provide standardization. By contrast, there are no standards for measuring the effectiveness of 
pollution prevention measures, and many of the benefits of pollution prevention are intangible 
or hidden. Industry can begin to address this barrier by changing accounting practices that fail 
to identify all the costs of treatment and disposal. Because waste treatment and disposal costs 
are not often identified, plant managers are generally rewarded for reduced capital costs but not 
for reduced waste generation. Assignment of waste generation costs to the unit generating the 
waste can make previously unattractive capital-intensive source reduction measures more 
appealing. 
Regulatory Barriers 
One of the barriers to pollution prevention that must be addressed by regulators is the 
exclusion of most kinds of recycling in the definition of pollution prevention. The federal 
exclusion of most types of recycling from the definition of pollution prevention discourages 
recycling by requiring the same manifests for valuable streams going to recycle as are required 
for hazardous waste streams undergoing treatment (Jacobs, 1992). Because of this, it is often 
more problematic to recycle potentially valuable materials than to treat and/or dispose of them. 
The complexity of environmental regulations is another barrier to the use of pollution 
prevention alternatives. Federal, local, and state regulations are often duplicative. The 
regulations are so complex that industry is often compelled to hire regulatory consulting experts 
to define their requirements and prepare applications, excluding process experts from the task of 
achieving environmental compliance objectives (Jacobs, 1992). 
Regulatory emission standards that are expressed in terms of a mass or concentration 
limitation cannot be applied to some pollution prevention options, providing no regulatory 
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incentive for their use. In cases where the Best Available Control Technology (BACT) is 
prescribed, the task of demonstrating the equivalency of a pollution prevention altemative- is 
costly and time-consuming. Standards such as BACT are often extremely expensive and in some 
cases focus on emissions that may not be significant, as shown in a joint study undertaken by 
the U.S. EPA and Amoco Corp. at a refinery in Yorktown, Virginia. Regulations required a $30 
million enclosed canal and water treatment system to capture benzene vapors, while emissions 
from loading docks, which were five times higher, were unregulated but could be controlled for 
$6 million (Solomon, 1993). 
Another regulatory disincentive is that work perfonned to restore deteriorated equipment 
to its previous capacity may submit the equipment to Clean Air Act Prevention of Significant 
Deterioration and nonattainment requirements, even when the restored equipment has lower 
releases than the deteriorated equipment (Evans, 1992). 
The single-media focus (eg. air, water, land) of most pennitting processes is another 
barrier to pollution prevention: there is no incentive for the regulatory body of one media to 
allow larger releases to their media, no matter the reduction in releases to other media (Evans, 
1992). Because pollution prevention strategies often involve a different distribution of pollutants 
among media, coordination among pennit-writers would be required for approval. Simplifying 
and streamlining the permitting process for options involving pollution prevention would lower 
this barrier. 
Anticipation of future regulations can deter industry from voluntarily pursuing pollution 
prevention. Some regulations mandate reductions from a baseline year, putting the facilities that 
reduced their emissions prior to the baseline year at a competitive disadvantage with facilities that 
are still able to make inexpensive reductions. Emissions offsets in nonattainment areas, required 
for production increases or plant expansion, are more difficult to produce when a voluntary 
program has already been instituted. This barrier could be overcome by allowing credits to 
companies achieving reduction through voluntary programs. The Clean Air Act Amendments of 
1990, for example, grant a six year extension for compliance with Maximum Achievable Control 
Technology (MACT) requirements to sources whose gaseous or particulate emissions are reduced 
by 90 or 95 percent, respectively, from 1987 baseline levels (Ruch and Howell, 1991). Industry 
also fears that initiatives pursued voluntarily will be made mandatory, without regard to the 
circumstances that led to their original use. Sometimes permitted pollutant levels are lowered 
when a facility voluntarily reduces its emissions. For example, the Clean Water Act has an 
antidegradation policy that puts more stringent limits on a facility that has voluntarily reduced 
its releases. A neighboring facility with no previous reductions therefore has more opportunities 
for increases in production (Evans, 1992). 
The time frame required for compliance with regulations often presents a barrier to the 
use of pollution prevention alternatives. For example, the objectives and requirements of 
regulations are sometimes unknown for years, during which time industry is expected to 
anticipate the final promulgations. Facilities are reluctant to incur the cost and risk of pollution 
prevention strategies without a firm regulatory standard, but if they wait until the final 
promulgation is made, there is not generally time to respond to the promulgation with a pollution 
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prevention strategy. The alternative is to design and install treatment equipment. Flexibility in 
meeting pennit requirements for companies using pollution prevention techniques would lower ­
this barrier. 
Some states are taking the initiative in encouraging the use of pollution prevention 
alternatives. In Illinois, incentives were legislated in the Toxic Pollution Prevention Act of 1989 
for companies seeking to use innovative pollution prevention processes or innovative 
combinations of existing technologies. To qualify for the incentives program, a company would 
have to demonstrate that the innovative process: 1) would be effective in toxic pollution 
prevention, 2) would achieve at least the level of toxic pollution prevention of other available 
processes, and 3) would not reasonably be expected to have any significantly adverse effect on 
public health or the environment. If the Illinois Environmental Protection Agency (Illinois EPA) 
concurred with the company's demonstration, it would be required to accommodate the needs of 
the company in implementing the process, through: 1) expedited permit applications; 2) 
cooperation with requests for applicable variances, adjusted standards, or site-specific standards; 
and 3) appropriate technical assistance to avoid or eliminate potential compliance problems from 
the proposed process (Evans, 1992). This legislation failed to lure participating facilities, largely 
because it was only for "innovative" projects, and the definition of innovative can be very 
exclusive. Instead, the Illinois EPA formed the Partners in Pollution Prevention Program, which 
nearly 200 facilities have joined (Luly, 1994). This program provides the assistance mandated 
in the Toxic Pollution Prevention Act to facilities seeking to implement a pollution prevention 
project, without restrictions on its innovativeness. 
Additional innovative ways to lower the regulatory barriers to pollution prevention and 
increase the competitiveness of United States industry while improving the status of the 
environment have been suggested. For example, facilities might be permitted as if they were 
encased in a bubble and given limits on the pollutants leaving the bubble. This would allow 
facilities the freedom to comply with environmental standards in the most cost-effective manner 
they can find: as long as the emissions leaving the bubble were lower than the pennitted limits, 
the facility would be in compliance. In the South Coast Air Quality Management District in 
California, which includes the area around Los Angeles, a pilot program for a market system for 
some criteria pollutants (Sax and NOx) is being tested. This program provides industry with 
greater incentive to reduce emissions, but does not seek to lower the previously discussed 
regulatory barriers to the use of pollution prevention measures. 
To summarize, some of the potential benefits of pollution prevention for industry are: 
•	 increased profitability, 
•	 improved public image and community relations, and 
• improved relations with regulators.
 
Some possible barriers to the implementation of pollution prevention strategies are:
 
•	 the high capital costs of some source reduction measures, 
•	 a lack of understanding of the outcomes of innovative strategies, 
•	 the reluctance of industry to embrace pollution prevention as an institutionalized value 
separate from economic returns, 
•	 the exclusion of most kinds of recycling from the definition of pollution prevention, 
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•	 the complexity of federal, local, and state regulations, 
•	 expression of regulatory emission standards in terms of mass or concentration limitations, 
•	 the increased regulatory requirements for process equipment that has been restored to its 
original capacity, even when emissions are reduced, 
•	 the single-media focus of most pennitting processes, 
•	 the reduced flexibility in emissions offsets and mandated reductions from baselines 
incurred by a facility that voluntarily reduces emissions, and 
•	 the short time frame required for compliance with regulations once they are promulgated. 
1.3	 THE BASIC STRUCTURE OF A POLLUTION PREVENTION 
PROGRAM 
Successful waste minimization programs require more than good intentions and talented 
personnel. The progress of some pollution prevention programs has been slow, not well 
documented, or stopped completely because of barriers such as a lack of funds, a lack of 
technical personnel, competing priorities, unyielding attitudes about current waste management 
practices, a lack of management support, and a lack of appreciation for the need to minimize 
waste (Hollod and Beck, 1990). In this section, strategies that have resulted in successful waste 
minimization programs in industry are presented. 
When chemical processing companies began to address concerns about environmental 
degradation, engineers were tasked with reducing the toxicity of wastes produced at their 
facilities. In a sense, environmental engineers were "added on" to the production staff to develop 
end-of-pipe methods for meeting regulatory requirements. In general, the environmental 
engineer's knowledge of plant processes extended only to the characteristics of the waste streams 
being created. This structure is shown in part a) of Figure 1-2, where the question mark in the 
Figure 1-2.	 Shaded areas indicate areas of concern to environmental engineers for an industry 
structure where a) waste is managed through end-of-pipe treatment strategies and 
b) pollution prevention is the goal. 
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process block indicates that the environmental engineers were not charged with modifying the 
processes that generated the pollutants they treated. This structure changes when pollution ­
prevention is a corporate goal and environmental concerns occupy every segment of 
manufacturing, as shown in part b) of Figure 1-2. For pollution prevention programs to realize 
their full potential, management must respond to the nature of the organization shown in part b). 
Successful pollution prevention programs generally contain a variation of the following 
steps: 
1) commit the organization, 
2) conduct a waste audit and emissions inventory, 
3) evaluate the potential impacts of wastes and emissions and establish priorities, 
4) generate pollution prevention options and study their feasibility, 
5) establish a reduction plan and goals, 
6) implement the reduction plan, and 
7) measure and assess the program's progress. 
The remainder of Section 1 along with Sections 2 and 3 cover steps 2), 3), and 4) of this 
framework. It is important to note that a pollution prevention program is a continuing project 
and that steps two through seven form a cycle, as shown in Figure 1-3. 
Trade organizations can sometimes be a source of guidance for a facility that is instituting 
a pollution prevention program. The Chemical Manufacturers Association (CMA), a trade 
organization for the chemical industry, requires member companies to institute its Responsible 
Care® program, which includes a code of management practices for pollution prevention 
programs. Besides the steps outlined above, the CMA's program includes a step for employee 
and community education and consultation after the impacts of releases have been assessed, and 
a step for communicating the progress of the pollution prevention program to employees and the 
public once it has been measured. This emphasis on dialogue with employees and the public is 
due to the low credibility the chemical industry has with the public, which has given momentum 
to the increased call for prescriptive state and federal pollution regulations with stiff, punitive 
enforcement provisions (CMA, 1992). Good communication about the pollution prevention 
program within a company is also of benefit because it fosters cross-fertilization of ideas (Hollod 
and Beck, 1990), as well as increasing the level of employee participation and allowing the 
personnel closest to the process to contribute their ideas on potential preventive measures. 
The fITst step in a pollution prevention program, committing the organization, includes 
committing both management and operations at a facility. Management's responsibilities include 
integrating environmental concerns into quality functions, financial measures, and performance 
criteria so that pollution prevention is viewed as an element of the overall business program. 
Management must demonstrate the value it places on the pollution prevention -program by 
willingly providing the resources necessary for its success. Besides being supportive, 
management must be actively involved by instituting rewards for waste minimization successes 
and recognition to individuals involved, and by reporting internally and externally on the progress 
of the program. Management must also insist on complete cost assessment methods as well as 
bookkeeping methods that charge the unit responsible for the generation of waste. 
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implement the reduction plan 
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measure and assess 
the program's progress 
Figure 1-3. The steps of a generic pollution prevention program. 
Operations' role in a successful pollution prevention program is to recognize and accept ­
the program as part of the business function and not as an add-on. Operations must present the 
progress of the program to management realistically and frequently. Systems must be built into 
all major activities to ensure that pollution prevention will be considered in cost accounting, 
waste accounting, project reviews, maintenance practices, ingredients procurement, and best 
practices applications. Another task for operations is to institute effective training programs, 
designed to instill a preventive attitude in every employee. In order for employees to participate 
in the decision-making process, they must be educated beyond compliance with the regulations 
that govern the wastes for which they are directly responsible. Training might include telling 
employees what the costs of generating and managing wastes are, and what the corporate 
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policies, procedures, and goals are. Every employee should be made to understand that the 
pollution prevention program will reduce risks, improve public support, and make better use of ­
natural resources. 
1.4	 IDENTIFYING CRITICAL WASTE STREAMS 
In order to fonn a plan for pollution prevention or to track the progress of a reduction 
program, pollutants must be identified and their release quantities estimated. Therefore, an initial 
step toward reducing wastes and emissions is to perform thorough waste audits and accurate 
emission inventories. A waste audit is conducted to characterize the waste streams generated by 
a facility, while an emission inventory is performed to quantify direct releases of pollutants to 
the environment. The functions of waste audits and emission inventories are complementary; 
both have a role in the development of pollution prevention strategies. Here, the important 
features of a pollution prevention waste audit are summarized. The focus then shifts to methods 
for quantifying emissions that are difficult to measure. Finally, methods for determining the 
priority of streams to be targeted for pollution prevention are presented. 
1.4a	 WASTE AUDITS 
The most common approach to performing a pollution prevention waste audit is to 
identify the waste streams and characterize them as they are followed backwards to their point 
of origin. Critics of this approach complain that such a procedure fails to address the 
interconnectedness of waste streams. They advocate a more technically challenging approach that 
focusses on the process generating the waste and makes use of process flow sheeting and 
materials accounting (Pojasek and Cali, 1991). Whatever method is chosen, a pollution 
prevention waste audit provides information necessary for generation of waste reduction options. 
There are a number of practical guides for performing waste audits, including the U.S. 
Environmental Protection Agency's "Waste Minimization Opportunity Assessment Manual" 
(EPA, 1988b), and their more recent "Facility Pollution Prevention Guide" (US EPA, 1992). 
Waste audits are performed at many levels of detail. A simple audit might result in a list 
of the liquid and solid wastes generated by a facility. Such a list for typical refining wastes, as 
identified in an American Petroleum Institute survey of U.S. refineries, is given in Table 1-1. 
This list is informative in its own right but does not give any clues for effective waste reduction 
activities. As noted in the EPA's Waste Minimization Opportunity Assessment Manual (EPA, 
1988b), the questions that a pollution prevention waste audit should be designed to answer 
include: 
•	 What waste streams are generated by the facility? 
•	 Are the waste streams generated on a regular basis, or are they one time events? 
•	 Which processes or operations generate the waste? 
•	 What is the regulatory status of the waste? Is it a hazardous waste, as defined by RCRA? 
Is it a hazardous waste under state regulations? What characteristics of the waste are 
responsible for its regulatory status? 
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Table 1-1. Refining waste streams (API, 1991). 
Oily Sludges/Other Organic Wastes Spent Catalysts 
API Separator Sludge* Fluid Cracking Catalyst or Equivalent 
Dissolved Air Flotation (DAF) Float* Hydroprocessing Catalyst 
Slop Oil Emulsion Solids* Other Spent Catalyst NOS** 
Leaded Tank Bottoms* 
Other Separator Sludges Aqueous Waste 
Pond Sediments 
Nonleaded Tank Bottoms Biomass 
Waste Oils/Spent Solvents Oil Contaminated Waters (Not Wastewater) 
Other Oil Sludges/Organic Wastes NOS** High pH/Low pH Waters 
Spent Sulfite Solution 
Spent Stretford Solution 
Contaminated Soils/Solids Other Aqueous Wastes NOS** 
Heat Exchanger Bundle Cleaning Sludge* Chemicalsflnorganic Wastes 
Contaminated Soil/Solids 
Waste Coke/Carbon/Charcoal Spent Caustics 
Waste Sulfur Spent Acids 
Other Contaminated Soils NOS** Waste Amines 
Other Inorganic Wastes NOS** 
Other Wastes 
Other Wastes NOS** 
* RCRA listed hazardous wastes for the petroleum refining industry 
**NOS - Not Otherwise Specified 
• What are the inputs to the process generating the waste? 
• How efficient is the process? 
• Are wastes from different sources mixed? 
This list of audit objectives is not intended to be comprehensive, but it can serve as a starting 
point for assembling information. More fundamental questions concerning the origin of the waste 
might be asked, such as "Where in the process is the waste generated and what are the 
mechanisms of formation?" The types of data that may need to be gathered to answer these 
questions are listed in Table 1-2. 
It is clear from the audit objectives noted above and the extensive information 
requirements in Table 1-2 that a pollution prevention waste audit is far more than a listing of the 
waste streams generated by a facility. The benefits of performing a detailed waste audit are 
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Table 1-2. Typical data needed in an audit (EPA, 1988b). 
Design Information 
• Process flow diagrams 
•	 Material and heat balances (for design balances and actual balances) for 
production processes 
pollution control processes 
• Operating manuals and process descriptions 
• Equipment lists 
• Equipment specifications and data sheets 
• Piping and instrument diagrams 
• Plot and elevation plans 
• Equipment layouts and work flow diagrams 
Environment Information 
• Hazardous waste manifests 
• Emission inventories 
• Biennial hazardous waste reports 
• Waste analyses 
• Environmental audit reports 
• Permits and/or permit applications 
Raw Material/Production Information 
• Product composition and batch sheets 
• Material application diagrams 
• Material safety data sheets 
• Product and raw material inventory records 
• Operator data logs 
• Operating procedures 
• Production schedules 
Economic Information 
• Waste treatment and disposal costs 
• Product, utility, and raw material costs 
• Operating and maintenance costs 
• Departmental cost accounting reports 
Other Information 
• Company environmental policy statements 
• Standard procedures 
• Organization charts 
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illustrated by the following account of waste reduction from the Dissolved Air Flotation (OAF) 
unit at a petroleum refinery. Emulsion from DAF units is a RCRA-listed hazardous waste 
generated at a rate of more than 600 million tons per year at domestic refineries. A DAF unit, 
whose operation is shown conceptually in Figure 1-4, removes fine particles and oil droplets from 
wastewaters by introducing a stream containing dissolved air into the wastewater. The dissolved 
air forms tiny bubbles when it comes out of solution. Particles tend to concentrate at the 
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Figure 1-4. Dissolved air flotation unit (CMA, 1990). 
bubble/wastewater interface and are carried to the surface by the rising bubbles. The emulsion 
that is removed as waste from the top of DAF units has an average composition of 9% oil, 82% 
water, and 9% solids (API, 1983). This means that for every pound of oil and solids removed­
(the goal of the unit), five pounds of waste are formed. If the particle loading in the wastewater 
stream can be reduced before the stream enters the unit, then the amount of hazardous waste 
generated can be significantly reduced. As part of a waste audit, one large west coast refinery 
characterized the particles entering their DAF unit by getting signatures of the trace metals for 
all the sources of this unit. They found that hardness precipitation from cooling tower blowdown 
was a major source of the particulates that generated the waste emulsion. By simply rerouting 
the cooling tower blowdown stream, as shown in Figure 1-5, DAF unit waste was reduced by 
roughly 40% (Heirigs, 1991). 
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Figure 1-5.	 Process stream rerouting that resulted in a 40% reduction of waste: a) before 
rerouting of cooling tower blowdown, b) after rerouting. 
The point of this example is that a simple listing of waste streams and quantItIes 
generated does not constitute a pollution prevention audit. A pollution prevention audit must 
include information concerning the mechanism of waste generation. Without asking why 
emulsions were generated in the DAF unit, it would have never been apparent that rerouting of 
cooling tower blowdown could result in significant waste reduction. 
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1.4b EMISSION INVENTORIES 
Direct releases to the environment from a facility can pose the greatest risk to public, 
employee, and environmental health, which gives these releases a position of importance in any 
waste reduction program. An emission inventory is performed to assess the quantity of pollutants 
released directly to the environment by a facility. Besides playing a part in the planning of 
pollution prevention activities, emission inventories are sometimes required by governmental 
reporting regulations. However, it can be difficult to accurately quantify direct releases, 
especially those that are difficult or impossible to directly measure. Fugitive and secondary 
emissions, both of which make up a significant portion of the total air emissions from many 
facilities, fall into this category. Methods for estimating secondary and fugitive emissions are 
described and compared in this section, and it will become obvious that the choice of methods 
can have a significant impact on the estimated emission quantities. Fugitive and secondary 
emissions are also important because, as seen in the next section, their reduction may be among 
the most cost effective strategies for reducing emissions. 
Fugitive Emissions 
Fugitive emissions are unintentional releases of process fluid from equipment. Any 
equipment that allows contact between process fluid and air (e.g. pumps, valves, and flanges) is 
a source of fugitive emissions. An oil refinery might have a quarter of a million such pieces of 
equipment. Because of this, it is impractical to measure the emissions from every source. 
The United States Environmental Protection Agency has established a number of methods 
for estimating fugitive emissions (US EPA, 1993). The methods vary in the time and expense 
they require, and as would be expected, the more time-consuming and costly methods result in 
a more accurate estimate of emissions. The least accurate and least costly method for estimating 
fugitive emissions is to count all the potential sources of releases and apply an average "emission 
factor," according to the formula 
where E is the emission rate of VOCs from a component, mVQe is the mass fraction of VOC in 
the stream serviced by the component, and fave is the average emission factor. The average 
emission factors for fugitive emissions from organic chemical manufacturing, petroleum refining, 
and natural gas plants are given in Table 1-3. These factors are intended to provide an estimate 
of the total emissions of volatile organic compounds from a source. For all the emission 
estimation methods, it is assumed that each chemical's mass fraction in the emissions is equal 
to its mass fraction in the process fluid's volatile organic compounds (VOC). As shown in Table 
1-3, emission factors for some types of equipment vary according to the service the equipment 
is in: gas, light liquid, or heavy liquid. Liquids are classified based on the most volatile 
compound present at twenty or more weight percent. If this compound has a vapor pressure 
greater than or equal to 0.04 psi, the equipment is in light liquid service. The following example 
illustrates the application of average emission factors for estimating fugitive VOC emissions from 
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Table 1-3. Average emission factors for estimating fugitive emissions from
 
SOCMIa facilities, refineries, and natural gas plants.
 
Equipment 
Valves 
Pump Seals 
Compressor Seals 
Pressure Relief Valves 
Flanges and Other Connectors 
Open Ended Lines 
Sampling Connections 
Service
 
Hydrocarbon Gas
 
Light Liquid
 
Heavy Liquid
 
Hydrogen Gas
 
All
 
Light Liquidd
 
Heavy Liquid
 
Liquidd
 
Hydrocarbon Gas
 
Hydrogen Gas
 
All
 
Hydrocarbon Gas
 
Liquid
 
All
 
All
 
All
 
All
 
Emission Factor, 
kg/hr/source 
SOCMIb RefineryC Gas Plantb 
0.00597 0.027 -
0.00403 0.011 -
0.00023 0.0002 -
- 0.0083 -
- - 0.020 
0.0199 0.11 -
0.00862 0.021 -
- - 0.063 
0.228 0.63 -
- 0.050 -
- - 0.204 
0.104 0.16 -
0.0070e 0.0070e -
- - 0.188 
0.00183 0.00025 0.0011 
0.0017 0.002 0.022 
0.015 - -
aSOCMI: Synthetic Organic Chemical Manufacturing Industry.
 
bUS EPA, 1993 except as noted.
 
'US EPA, 1985 except as noted.
 
dThis factor can be used to estimate the leak rate from agitator seals.
 
eWetherold et al., 1985.
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a SOCMI facility. The facility has 100 valves in light liquid service containing process fluid that 
is 50% VOC by mass. The estimated VOC emissions from these valves are 
E = 100 valves( 0.5 kg VQC. )(0.00403 kg) = 0.20 kg/hr.
voc lkg process flUId l hr·valve 
A second method for estimating fugitive emissions is to apply leak/no leak emission 
factors. Leak/no leak emission factors are given in Table 1-4. The emission factors are applied 
according to the equation 
where E is as before and fLINL is the appropriate leak/no leak emission factor. A piece of 
equipment is considered to be leaking if an organic vapor analyzer (OVA) detects VOC 
concentrations greater than 10,000 ppm at the process fluid/air interface. This value for leaking 
components is intended to indicate the leak level at which it becomes cost effective to repair a 
component (Dimmick and Hustvedt, 1984). The concentration detected by the OVA is called the 
screening concentration. For facilities with a lower than average number of leaking components, 
the leak/no leak method gives a lower estimate of emissions than the average emission factor 
method. For example, if there is only one "leaking" valve among the 100 valves at the SOCMI 
facility described previously, the estimated VOC emissions are 
_ (0.0892 kg )( ) _Hyoe leaker - 1 valve - 0.089 kg/hr 
, hr·source 
plus 
_ (0.000165 kg) ) _Hyoe nleak - 99 valves - 0.016 kg/hr, 
, no ers hr ·source 
which is equal to 0.11 kg/hr. This is half the value estimated using average emission factors. 
An even more refined method of estimating emissions is to use EPA-provided correlations 
of emission rate as a continuous function of VOC screening concentration. These correlations 
are given for refineries and SOCMI facilities in Table 1-5. The default-zero values in this table 
are the emissions assigned to components whose leak rate is too low to register on an OVA. 
This method involves only slightly more effort than the leak/no leak approach, with the bulk of 
the effort put into obtaining screening concentrations of each piece of equipment. 
The most difficult and expensive way to estimate fugitive emissions is to enclose a 
statistically sound number of components in bags and take samples of air flowing through the 
bags to directly measure emissions. A statistically sound number of components is one large 
enough to provide estimates within 50% of the mean with a 95% confidence level. Material used 
- -
- -
- - - -
- -
- -
- - - -
- -
- - - -
C 
N 
Table 1-4. Leak/no leak emission factors for estimating SOCMI, refinery, and natural gas plant 
fugitive emissions (US EPA, 1993). 
~ 
s: 
~ 
@ 
o 
~ 
~ 
Equipment Service 
Emission Factor, kglhr/source 
SOCMI Refinery Gas Plant 
Leaka No Leakb 
0.0782 0.000131 
0.0892 0.000165 
0.00023 0.00023 
0.243 0.00187 
0.216 0.00210 
1.608 0.0894 
1.691 0.0447 
0.113 0.0000810 
0.01195 0.00150 
Leaka No Leakb 
0.2626 0.0006 
0.0852 0.0017 
0.00023 0.00023 
0.437 0.0120 
0.3885 0.0135 
1.608 0.0894 
1.691 0.0447 
0.0375 0.00006 
0.01195 0.00150 
Leaka No Leakb 
a ­
0.098 0.0029 
0.150 0.020 
0.442 0.025 
0.863 0.0447 
0.0336 0.00006 
0.174 0.0015 
Valves 
Pump Seals 
Compressor Seals 
Pressure Relief Valves 
Flanges and Other Connectors 
Open Ended Lines 
Gas 
Light Liquid 
Heavy Liquid 
All 
Light LiquidC 
Heavy Liquid 
AllC 
Gas 
All 
Gas 
All 
All 
~ 
C/) 
~ 
~\) t:i~ 
~E o~ ~~ 
~\) CI)~ 
~~ o~ 
i:~ 
~~ 
"''' ~~ 
:nn ~ :t ~~ )).~ ~r-
Q;V ~g 
(=)1J1 ~~ 
r-1J1 \)~ 
8 
m 
fa ~ 
~ 
a Screening value> 10,000 ppm. t:J ~ 
b Screening value < 10,000 ppm. i1 
C mThis factor can be used to estimate the leak rate from agitator seals. 
Table 1-5. Correlations for estimating fugitive emissions and their default-zero 
values (US EPA, 1993). 
Equipment Service 
Leak Rate from Correlation, k~ Default-Zero 
Emission Ratesb , 
kglhr/sourceSOCMI Refmery 
Valves 
Pump Seals 
Compressor Seals 
Pressure Relief Valves 
Flanges and Other Connectors 
Gas 
Light Liquid 
Light Liquid 
Heavy Liquid 
Gas 
Gas 
All 
1.87x10-6Co.873 
6.41x10-6Co.797 
1.90x10·sCo.81A.c 
3.05xl0-6CO.88S 
2. 18xl0-7C1.23 
1.44xl0-SCO.8O 
8.27xlO·sCo.83.d 
8.79xl0-6C1.04 
8.27xl0·sCO·83 
8.27xl0-SCO.83 
5.78x10-6CO·88 
6.56xlO-7 
4.85xl0·7 
7.49xl0-6 . c 
6.12xlO-7 
C: Screening value in ppmv. 
b These values are applicable to all source categories. 
This correlation/default-zero value can be applied to compressor seals, pressure relief 
valves, agitator seals, and heavy liquid pumps. 
d This correlation can be applied to agitator seals. 
PJ 
~ ~ 
~ 
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~ 
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in bagging must be impermeable to hydrocarbons, such as metal foil or mylar. A typical bagging 
setup is pictured in Figure 1-6. The screening concentration obtained for the equipment that was ­
bagged is used to develop a curve relating screening concentration to actual emissions. As in 
the estimation methods using leak/no leak emission factors and EPA-provided curves, each piece 
of equipment, except for possibly some flanges, must be screened using an appropriate 
instrument. 
valve stem 
pressure 
gauge 
tent-~ 
___ ~__M---loose seal 
~",,-_"""':1"\nll......~-loose seal diaphragm 
pump 
vacuum 
pump 
~ hydrocarbon 
J---­detector 
sample bag 
Figure 1-6. Bagging apparatus for measuring fugitive emission rates. 
Different methods for estimating fugitive emissions can yield results that differ by several 
orders of magnitude (Berglund et ai, 1989). Regulatory agencies and trade organizations are 
working to improve the accuracy of emission factors. 
Secondary Emissions 
Secondary emissions are releases that occur as a result of the construction or operation 
of a major stationary source but that do not come from the major stationary source itself (CMA, 
1990). It is difficult to measure secondary emissions because the emissions from each source 
are dependent on location within the source, seasonal variations, current process conditions, and 
other factors. In addition, there are no universally applicable measurement te~hniques for 
measuring emissions from secondary sources. Instead, techniques must be chosen carefully 
according to the conditions at each source. The largest class of secondary emissions are those 
from waste handling, treatment, and disposal. Wastewater treatment facilities in particular are 
considered to be a significant source of atmospheric hydrocarbon emissions (CMA, 1990), and 
the following discussion will focus on these treatment facilities. 
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Wastewater is treated before release in order to make it less toxic and, in some cases, to 
recover any useful material it contains. In general, wastewater treatment can be divided into 
three stages: 1) primary treatment which uses physical operations to remove free oil and/or 
suspended solids, 2) secondary treatment for the removal of dissolved contaminants through 
chemical or biological action, and 3) tertiary treatment for the removal of residual contaminants. 
Individual wastewater treatment plants are tailored to meet the needs of the waste they treat and 
the level of compliance they must achieve, resulting in a great deal of variation among plants. 
Oil refining processes such as coking, sulfur recovery, steam cracking, hydrocracking, and 
crude desalting create large volumes of wastewater. An example of a primary treatment unit 
found in petroleum refineries is the oil-water separator. Most separators are large, open 
rectangular tanks through which wastewater slowly moves, allowing free oil to rise to the surface 
and settlable solids to sink to the bottom. As shown in Figure. 1-7, a skimmer is used to push 
slotted pipe 
skimmer 1 I 
___ oillayer ~~ _ 
inlet outlet 
II' II" 
water layer 
sludge hopper 
Figure 1-7. An API oil-water separator (not to scale). 
accumulated oil into a slotted pipe or drum. Volatile organics in the oil layer escape to the 
atmosphere and can account for a significant fraction of a refinery's air emissions. An oil-water 
separator is often followed by a dissolved air flotation (DAF) unit, which was described earlier 
and is pictured in Figure 1-4. When the bubbles of air in a DAF unit reach the surface, they 
release volatile organics they acquired from the oil with which they were in contact. 
Methods for estimating secondary emissions generally fall into three categories: 
application of emission factors, calculations based on mass transfer theory, and measurement 
techniques. Use of emission factors is by far the simplest method, but can yield emission 
estimates that are orders of magnitude higher than actual emissions. Also, emission factors are 
not available for all sources of secondary emissions. As with fugitive emission factors, when 
estimating releases of a particular compound, the compound's mass fraction in the volatile 
organic compound emissions is assumed to be the same as its mass fraction in the volatile 
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organic compound portion of the wastewater stream. Therefore, in order to use emission factors 
to report emissions of a single compound, the wastewater stream must be analyzed. 
For estimating emissions using mass transfer theory, many characteristics of the 
compounds and the treatment device must be found. These characteristics can be either 
measured, calculated from estimation methods, or taken from default values in the literature. The 
accuracy and difficulty of estimating emissions using mass transfer theory depends on the amount 
of site-specific information gathered. The first step is to classify the equipment whose emissions 
are being estimated according to turbulence, biological activity, and other parameters. Next, 
appropriate correlations are used to obtain estimates of gas and liquid phase mass transfer 
coefficients, which in tum are used to develop the overall mass transfer coefficients that give the 
emission estimate. Correlations and default values for a wide variety of wastewater treatment 
configurations have been provided by the EPA (EPA, 1985). 
Measurement techniques for quantifying secondary emISSIons fall into one of two 
categories: direct measurement and indirect measurement. Table 1-6 lists several methods of 
directly measuring secondary air emissions, along with additional sources of information and 
suitable applications. When choosing a method, factors such as the strength of the emission 
source, the type and size of the source, the surroundings, and cost must be considered. One 
direct measurement technique for estimating the emissions from an oil-water separator is to use 
a isolation flux chamber. An isolation flux chamber, pictured in Figure 1-8, can be used to 
to analyzer 
sweep 
air inlet 
API 
separator 
surface 
thermocouple 
A 
"X;::=:=~:-t~~ Q, C 
sweep air 
outlet 
Figure 1-8. An isolation flux chamber. 
directly measure hydrocarbon emissions as it rests on the surface of a wastewater treatment 
body's surface. When the contents of the chamber reach steady state they are sampled and 
analyzed to determine the concentration of the compounds of interest. When used to measure 
emissions from an API separator, flux chamber results are affected by the positioning of the 
chamber (whether it is before or after the skimmer), by surfacing gas bubbles, and by the position 
of the skimmer on the surface of the separator. Also, the presence of the flux chamber perturbs 
conditions such as convective air flow at the surface of a body of wastewater. However, flux 
chambers represent the best method of estimating emissions from bodies such as oil-water 
separators. A flux chamber would not be suitable for measuring emissions from a large 
wastewater body of varied composition, or from one with a highly agitated surface (CMA, 1990). 
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Table 1-6. Techniques for measuring secondary emissions (CMA, 1990). 
Measurement Method 
Sources for Additional 
Information Suitable Applications 
Isolation Flux Chamber 
Broad Band Infrared 
Dual Beam Laser 
Fourier Transform 
Infrared 
Reviews of Remote 
Sensing Techniques 
Balfour and Schmidt, 1984 
Gholson et al., 1987 
McClenny et aI., 1974 
Measures, 1984 
Herget, 1978 
Herget and Brasher, 1979 
Herget and Brasher, 1980 
Baker and McCready, 1988 
Saeger et aI., 1988 
Minnich et al., 1989 
Surface impoundments 
Land treatment 
Landfills 
Large open-top tanks 
Open-top tanks 
Clarifiers 
Aeration units 
Surface impoundments 
Land treatment 
Holding tanks 
Clarifiers 
Equalization basins 
Aeration units 
Surface impoundments 
Land treatment 
Holding tanks 
Clarifiers 
Equalization basins 
Aeration units 
Indirect measurement methods include the transect technique, where emission estimates 
are made based on information obtained about the downwind plume of the secondary emission 
source (Balfour and Schmidt, 1984 and Esplin, 1988), and the concentration-profile method. In 
the concentration-profile method, measurements of compound concentration, wind speed, and 
temperature are taken at several heights above the surface using a device like the one pictured 
in Figure 1-9, and these values are used to estimate the mass flux rate from the surface using a 
diffusion model (CMA, 1990). 
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SAMPLING DEVICE 
ROTAMETERS 
WIND DIRECTION 
BARGE I 
~
Figure 1-9. Concentration mast for diffusion model measurements (CMA, 1990). 
As with fugitive emissions, different methods for estimating secondary emissions give 
results that are different by several orders of magnitude. At one refinery, measurements of 
emissions from an API separator taken with an isolation flux chamber resulted in an emission 
estimate of 61 tons/yr, while emissions estimated using the emission factor were 1300 tons/yr 
(AmocoIEPA, 1992). Government and trade organizations are currently researching better 
methods for estimating secondary emissions. 
1.4c PRIORITIZING WASTE STREAMS 
A large manufacturing facility can have hundreds to thousands of waste streams, each 
with different environmental impacts, treatment costs, and technical characteristics. Choosing 
which streams should be the focus of waste reduction projects is not a straightforward task, not 
only because of the number of streams involved, but also because widely varying criteria are used 
in establishing priorities. The only practical way to proceed to final decisions is to devise a 
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simple (and therefore imperfect) system for prioritizing the streams. An example of such a 
system can be taken from the experiences at a large refinery (Balik and Koraido, 1991). At this 
refinery, a waste survey revealed that there were 660 waste streams. To screen the waste 
streams, a rating of 0 to 5 points (5 high) was assigned to each stream for each of the following 
criteria: 
a) waste quantity and frequency, 
b) the cost of managing existing waste, 
c) possible regulatory impact in the future, 
d) safety and health risks to the employees and the community, 
e) ease and cost of implementing pollution prevention options, and 
f) demonstrated effectiveness of pollution prevention options. 
The points for each stream were added and streams with the highest scores were assigned the 
highest priority for reduction. Then, possible pollution prevention strategies were developed for 
only the highest ranking streams. 
Although this method is extremely simplified, it still requires that nearly 4000 ratings 
from 0 to 5 be assigned. Even if each rating could be developed in only ten minutes, this 
represents 660 man-hours. A variation on the theme might be to perform an initial screening that 
would alleviate the necessity to develop ratings for all the criteria when a stream was obviously 
of no interest. For example, the safety and health risks ratings for all the streams might be 
detennined first, and streams with a score of only 0 or 1 might be left off the list for future 
ratings. This assumes that safety and health risks are more important than any other criteria. 
Another variation of this method might be to assign weights to the different criteria. Also, some 
of the criteria might be eliminated: criteria e) and t) are in particular questionable because they 
are more relevant to the pollution prevention options for the waste streams than they are to the 
importance of the waste streams themselves. 
1.5 SUMMARY 
This section has introduced the vocabulary of pollution prevention and presented an 
industrial perspective of the benefits of and barriers to implementation of pollution prevention. 
The typical framework for a pollution prevention program was described, and procedures for 
quantifying, evaluating, and prioritizing wastes and emissions were presented. The next step in 
a pollution prevention program is the development of pollution prevention options, and this is 
the topic of the next section. 
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IDENTIFYING POLLUTION PREVENTION OPTIONS
 
FOR CHEMICAL PROCESSES
 
Once the wastes and emissions from a facility have been identified and a group of target 
streams has been selected for reduction, the development of design options for pollution 
prevention can begin in earnest. To make this task less formidable, it is helpful to remember that 
devices such as pumps, reactors, storage vessels, distillation columns, and heat exchangers 
generate wastes through the same mechanisms regardless of the nature of the process in which 
they are embedded. In this section, successful waste reduction techniques are presented in a unit 
operations framework. First, raw material selection is discussed and the tradeoffs that must be 
considered when chemical substitution is the route to prevention are presented. Next, methods 
for preventing solvent losses from cleaning operations and waste from storage and transport are 
described. This is followed by a discussion of techniques for reducing pollution from process 
units, such as distillation columns, heat exchangers, and reactors. Then, techniques for reducing 
fugitive and secondary emissions are presented, and the section closes on the topic of process 
flow sheeting tools for pollution prevention. It is hoped that the organization of pollution 
prevention techniques in this section will make it obvious to the reader that frequently reported 
case studies contain elements that are generally applicable. 
2.1 RAW MATERIAL SELECTION 
Beyond a few simple ideas, it is difficult to make generalizations concerning raw material 
selection. An important management tool for inducing wise raw material selection is a 
requirement that chemicals new to a facility not be purchased without undergoing environmental 
review. Waste reduction opportunities available in the selection of raw materials include 1) 
eliminating impurities from the feed, 2) using less hazardous raw materials, 3) re-examining the 
need for each raw material, and 4) considering the use of waste materials from other processes 
(Nelson, 1990). 
When chemical substitution is the route to pollution prevention, tradeoffs encountered 
between the use of the previous chemical and the new substitute must be considered. In this 
section a rudimentary procedure for evaluating three environmental effects of a group of 
chlorinated solvents is described. Although the focus is narrow, some aspects of this analysis 
are widely applicable in the environmental evaluation of chelnicals. Two such aspects are 1) the 
usefulness of normalized indicators of environmental effects, and 2) the potential for tradeoffs 
in environmental effects that can occur when substitutes are chosen. 
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Chlorinated solvents have properties that make them suitable for a wide range of industrial 
applications. Roughly a million tons are used annually in processes ranging from vapor ­
degreasing to the fabrication of electronic components. Chlorinated solvents are non-flammable 
and have normal boiling points slightly above room temperature. However, they have been 
implicated in stratospheric ozone depletion and their use is being phased out. Finding substitutes 
is problematic. Many characteristics, such as flammability, volatility, toxicity, environmental 
fate, and solubility, playa role in the selection of substitutes. Environmental fate alone is 
extremely complex, and it is a small subset of this characteristic that is used in this section to 
illustrate some of the tradeoffs to consider when choosing substitute materials. 
One important environmental fate factor for chlorinated solvents is their potential to cause 
stratospheric ozone depletion. In the stratosphere (15-50 km in altitude), there is an ozone 
"layer" that absorbs ultraviolet radiation that would otherwise cause harm to life on the surface 
of the planet. Chlorinated solvents that reach the stratospheric ozone layer can photodissociate, 
releasing chlorine atoms that catalyze ozone destruction (Molina and Rowland, 1974), as follows 
(Stolarski and Cicerone, 1974; Wofsy and McElroy, 1974): 
CI + 0 3 ~ CIO + O2
 
CIO + °~ Cl + O2
 
For a compound to cause stratospheric ozone depletion, it must have a lifetime in the atmosphere 
sufficient to reach the stratosphere and it must contain chlorine or some other halogen, such as 
bromine. Reactivity in the ozone cycle and atmospheric lifetime are represented by °ki and ti in 
the equation (Allen et aI, 1992): 
ODP = io_k_it_----­
j 
°kcFC_tttcFC_tt(l mole CFC-l1) 
where °ki is the rate constant for reaction of compound i with atomic oxygen, ti is the 
atmospheric lifetime of compound i, and ODPi is a simplified index of the approximate ozone 
depletion potential for compound i, normalized by the ozone depletion potential of CFC-l1. This 
index provides a relative measure of the extent to which a compound contributes to ozone 
depletion. 
A second factor in the environmental fate of solvents is their potential to contribute to 
global warming. The overall energy balance of our planet is complex, but is known to depend 
strongly on the emission of infrared radiation. When atmospheric gases intercept this re-radiated 
energy, the earth's energy balance can be upset, warming the planet. The global warming 
potential of a chemical depends on both its ability to absorb infrared radiation and the length of 
time that it remains in the atmosphere. Thus, a simplistic index of the global warming potential 
for compound i, normalized by the global warming potential of CFC-l1, is given by (Allen et 
aI, 1992): 
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GWP. = Ii_ti _ 
1 I - 11 t - 11 (1 mole CFC-ll)CFC CFC 
where Ii is the infrared absorption band intensity of compound i and ~ is its atmospheric lifetime. 
This index provides a measure of the relative rise in global temperature to be expected due to 
atmospheric emissions. 
Yet another environmental fate factor for solvents is their potential to cause smog. Smog 
is, in part, the result of the photochemical oxidation of hydrocarbons such as organic solvents. 
The smog formation potential of a chemical depends on the reaction rate for the oxidation. of the 
compound by the hydroxyl radical, which is a measure of the tendency of the chemical to 
participate in photochemical reactions. Therefore, a simplistic smog formation potential index 
for compound i, normalized by the smog formation potential of l-octene, is given by (Allen et 
aI, 1992): 
oOHk.SFP. = 1 _ 
I 
oOHk (1 mole 1-octene) l-octene 
where .oHki is the rate constant for the reaction of compound i with the hydroxyl radical. 
The simplified indices of stratospheric ozone depletion, global warming, and smog 
formation potential described above are given in Table 2-1 for the major chlorinated solvents. 
This table shows that CFC-113 has the highest ozone depletion and global warming potential 
index and that trichloroethylene has the highest smog formation potential index. Note that the 
solvents with high smog formation potential (methylene chloride, trichloroethylene, and 
tetrachloroethylene) have low ozone depletion and global warming potential. This is because 
they are quickly oxidized by hydroxyl radicals in the lower atmosphere and do not remain in the 
atmosphere long enough to be a concern in terms of global warming or stratospheric ozone 
depletion. Therefore, there is a tradeoff between global warming and ozone depletion potential 
and smog formation potential in the use of organic solvents. 
2.2 SOLVENT LOSSES FROM CLEANING OPERATIONS 
When equipment becomes too fouled to operate properly and when parts are coated with 
materials that interfere with further processing, they must be cleaned. As mentiqned previously, 
some of the solvents used in cleaning parts and equipment are organic compounds linked to the 
formation of smog, and some chlorinated organic solvents, which tend to evaporate less readily, 
have long atmospheric lifetimes and may pose a threat to the stratospheric ozone layer. 
Solvent is emitted directly to the atmosphere from cleaning operations through diffusion 
and convection. Also, waste solvent containing contaminants from the cleaning process must 
undergo reclamation before it can be used again. Not all waste solvent is reclaimed because 
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Table 2-1.	 Environmental indices for the major chlorinated solvents (Allen et 
al, 1992). 
Compound 
CH2Cl2
 
(methylene chloride)
 
CI3C-CH3
 
(1,1,1-trichloroethane)
 
HCIC=CCI2
 
(trichloroethylene)
 
CI2C=CCI2
 
(tetrachloroethylene)
 
CI2FC-CCIF2
 
(CFC-113)
 
Ozone Depletion 
Potential Index, 
(gmol CFC-11 )-1 
0.009 
Global Warming 
Potential Index, 
(gmol CFC-11)-1 
0.007 
Smog Formation 
Potential Index, 
(gmol l-octene)-1 
0.0029 
0.15 0.057 0.00044 
none 0.001 0.051 
none 0.009 0.0038 
1.3 2.5 0.000011 
reclamation is not always cost-effective. Mechanical cleaning methods and measures to reduce 
solvent evaporation can be used to prevent pollution from cleaning operations. If chemical 
cleaners are used, waste reduction through solvent recycling and proper inventory control can be 
best achieved if the variety of chemicals is minimized. Specific measures for reducing solvent 
losses from parts and equipment cleaning are discussed separately below. 
2.2a PARTS CLEANING 
Metals are often coated with thin films of light hydrocarbon oils in order to prevent 
oxidation of the raw metal feedstock during shipping and storage. Heavy oils, esters, and 
particulate matter tend to accumulate in these films during metal forming operations, and these 
contaminants must be removed prior to surface treatment operations. Parts cleaning often 
consists of solvent degreasing, which can occur in cold cleaners, where the parts ~e soaked in 
liquid solvent, and/or in vapor degreasers, where cleaning is accomplished through condensation 
of hot solvent vapor on cold parts. Simple mass transfer equations suitable for making rough 
estimates of emissions from parts cleaners can reveal which parameters have the most influence 
on emissions. The following are recommended waste reduction practices for solvent losses from 
parts cleaning (Hunt, 1990): 1) enclose all solvent cleaning units, 2) use refrigerated freeboard 
on vapor degreasing units, 3) improve parts draining before and after cleaning, 4) use mechanical 
cleaning devices, and 5) use plastic bead blasting. 
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2.2b EQUIPMENT CLEANING 
Equipment that can become fouled and require cleaning includes heat transfer surfaces, 
distillation column trays, and pipes. The use of a high pressure rinse system, mechanical wipers, 
and "pigs" or compressed gas to clean lines can reduce solvent losses that result when plant 
equipment is cleaned using chemicals (Hunt, 1990). Nonchemical cleaners such as recyclable 
sand or dry ice can sometimes be used to blast fouled equipment surfaces and clean them. 
Some types of heat exchangers, such as gasketed plate exchangers, allow access to both 
sides of the exchanger so that mechanical rather than chemical cleaning methods can be used 
when fouling occurs (Carlson, 1992). When heat exchangers are cleaned, careful control of the 
cleaning process minimizes waste generation. This is important because heat exchanger bundle 
cleaning solids are a RCRA-listed hazardous waste. Some cleaning chemicals are reusable and 
may allow for some product recovery from the accumulated solids (API, 1991a). 
2.3 WASTE FROM STORAGE AND TRANSPORT 
Waste from storage vessels takes many fonns, from emissions due to vapor displacement 
during loading and unloading, to wastes formed during storage, to storage containers themselves 
if they are discarded. Reducing waste from storage vessels therefore consists of a myriad of 
activities, as shown in this section. 
2.3a STORAGE TANKS 
Tanks for storing organic liquids are found at petroleum refineries, organic chemical 
manufacturing facilities, bulk storage and transport facilities, and other facilities handling organic 
liquids. They are used to dampen fluctuations in input and output flow. Storage tanks can be 
a disastrous source of waste when weakly active undesired reactions run away, and it is important 
to monitor temperatures where this can occur and to design tanks so that heat dissipation effects 
dominate. Inadequate heat dissipation is of particular concern in the storage of bulk solids and 
viscous liquids (Gygax, 1988). Two other aspects of pollution prevention for storage tanks, tank 
bottoms and standing and breathing losses, are discussed below. Reduction of emissions due to 
the loading and unloading of storage tanks is discussed in the next section. 
Tank Bottoms 
Tank bottoms are solids or sludges that accumulate at the bottom of large storage vessels. 
They are composed of rusts, soil contaminants, heavy feedstock constituents, and other heavy 
materials that are likely to settle out of the process fluid being stored. The bottoms generally 
accumulate slowly since they are frequently present at low concentration in the process fluid. 
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If the tank bottoms are composed primarily of heavy feedstock constituents (e.g. heavy oils in 
a refinery storage tank), then mixers can be effectively used (API, 1991a). Even if the tank ­
bottoms are not heavy feedstock constituents, as long as the materials are compatible with later 
processing steps and will not generate more waste downstream, solubilizing the tank bottoms may 
be effective. 
As an example of the possibility of generating downstream waste by solubilizing tank 
bottoms, consider the addition of emulsifying agents to the crude oil storage tanks at a petroleum 
refinery. The emulsifiers reduce water and solids in tank bottom wastes, but they mayor may 
not provide an overall reduction in waste generation, depending on the fate of the emulsifying 
agents in downstream processing and on the composition of the tank bottoms. According to the 
American Petroleum Institute (API, 1991b), the primary constituents of refinery tank bottoms are 
oil, water, and solids. This composition is compatible with desalting, which is the first 
processing unit after crude oil storage. In desalting, the crude oil is contacted with water to 
remove dissolved salts. Since emulsions can become wastes in oil-water contacting operations, 
the emulsifying agents added to the crude oil tank to reduce tank bottom sludges may generate 
additional waste in the desalting operation. Some refineries (API, 1991a) add de-emulsifiers to 
circumvent this problem. Clearly, evaluating this waste reduction option is not simple. A 
detailed analysis involving not only the tank operation but also desalter operation is required to 
detennine if net waste reduction can be economically accomplished by adding emulsifiers to 
crude oil storage tanks. 
Standing and Breathing Losses 
Methods for reducing evaporative losses from storage tanks can often be derived from the 
correlations for estimating these losses. Techniques for reducing emissions from storage tanks 
depend on the type of tank. There are four main kinds of storage tanks: fixed-roof, floating­
roof, variable vapor space, and pressurized. Pressurized storage tanks have negligible emissions. 
Fixed-roof tanks have a permanent, rigid roof and are vented to the atmosphere. 
Breathing losses are vapor emissions from fixed-roof tanks that occur when the temperature or 
barometric pressure changes. When the barometric pressure decreases, vapors are expelled. 
When it rises, fresh air is drawn into the tank. When this air becomes saturated with vapor, it 
occupies more volume and must be expelled. The temperature dependence of vapor pressure 
causes similar mechanisms to occur when the temperature changes. In some cases, a 
pressure/vacuum vent that allows the tank to operate at slight internal pressure or vacuum can 
be used to reduce breathing losses from fixed-roof tanks (EPA, 1985). According to the 
correlation for estimating breathing losses from fixed-roof tanks (EPA, 1985), a tank with white 
paint in good condition has 60% lower breathing losses than the same tank with gray paint in 
poor condition. (This is because of the reduced absorption of energy from the sun by a white 
tank.) Also, narrow tanks have lower breathing losses, as do insulated tanks whose contents 
undergo reduced temperature fluctuations. Vapor recovery devices that trap and condense 
escaping vapors for return to the tank can be used to reduce emissions from fixed-roof storage 
tanks. 
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Breathing losses can be prevented by using variable vapor space tanks, which might have 
a telescoping roof or a flexible diaphragm to allow for changes in vapor space. Breathing losses 
can also be prevented by floating a roof, called a deck, on the surface of the liquid in the tank. 
The floating roof can be external (exposed to the atmosphere), or it can be an internal floating 
roof mounted under a fixed roof. Internal floating-roof tanks have an advantage over external 
floating-roof tanks in that convective mechanisms for loss from the deck are virtually eliminated. 
This is especially advantageous in windy areas. Internal floating roofs reduce evaporative losses 
from fixed-roof tanks by 60-99%, depending on the type of roof, seals, and liquid being stored 
(EPA, 1985). 
Floating-roof tanks have standing losses due to evaporation from rim seals, deck fittings, 
and deck seams. The following techniques for reducing standing losses from floating-roof tanks 
are derived from correlations for estimating these emissions (EPA, 1985). Floating-roof tanks 
whose seams are welded rather than bolted or riveted have lower standing losses. Rim seal 
losses are minimized by choosing proper seals and using rim-mounted secondary seals. Deck 
fitting losses can be reduced by using fittings that are bolted and gasketed or fitted with a fabric 
seal. Also, minimizing the number of fittings reduces fitting losses. 
2.3b EMISSIONS FROM LOADING AND UNLOADING OPERATIONS 
For large shipping containers such as tank cars and tank trucks, off-loading devices that 
completely empty the container reduce waste, as does putting transport containers into dedicated 
service so that cleaning residual material out of the containers between loads is not necessary. 
Also, for volatile compounds, vapors that are displaced in loading and off-loading operations can 
be a significant source of hydrocarbon emissions. It has been estimated that as much as 12 
pounds of organic compounds can be lost per 1000 gallons of gasoline transferred during 
uncontrolled rail car and tank truck loading operations (US EPA, 1988). Vapor recovery devices 
that trap and condense the displaced gases reduce these losses by 90 to 98% for fixed-roof tanks 
(EPA, 1985). Vapor balance, where vapors from the container being emptied are fed to the 
container being filled, is another technique that can be applied in some cases to reduce emissions 
due to loading and unloading of fixed-roof tanks. Unloading of storage tanks with floating roofs 
exposes wet tank wall and column surfaces, which results in emissions called withdrawal losses. 
Tanks with a rusted interior have higher withdrawal losses because the rust provides surfaces to 
which the fluid being stored can easily cling. Also, reduction of wall and column area per fluid 
volume change decreases withdrawal losses. Spills due to overfilling of storage containers can 
be reduced through the use of appropriate overflow control equipment and/or overflow alarms. 
2.3c CONTAINER WASTE 
Shipping containers that are discarded can be a significant source of waste. Some 
suppliers will take back their shipping containers. Some containers can even be incorporated into 
the production process, such as soluble bags containing pigments or biocides (Hunt, 1990). 
Switching to internally reusable containers can be a cost-effective way to reduce container waste. 
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One refinery that switched to buying high-volume lubricating oils in bulk and using reusable 
containers instead of purchasing the oils in 55-gallon drums estimated its savings at $25,000 per ­
year (Balik and Koraido, 1991). To minimize container waste, it is sensible to order the largest 
size container possible, but if the material being purchased has a finite shelf life, ordering too 
large a container may result in additional waste when the material degrades. In addition to this, 
some materials are hazardous to store, which must be considered when choosing lot sizes. 
2.4 PROCESS UNITS 
In this section, methods for preventing pollution from specific process units are described 
in a framework of unit operations. Separation equipment, heat exchangers, and reactors are 
discussed, in that order. 
2.4a SEPARATION EQUIPMENT 
In examining separation equipment for waste reduction, three levels of analysis can be 
considered. One level of analysis involves minimizing the wastes and emissions that are 
routinely generated in the operation of the equipment. A second level of analysis seeks to control 
excursions in operating conditions. The third level of analysis seeks to improve the design 
efficiency of the separation units. Pollution prevention opportunities derived from each of these 
levels of analysis are presented below, grouped by unit operation. 
Distillation 
Distillation columns produce wastes by inefficiently separating materials, through off­
normal operation, and by generating sludges in heating equipment. Nelson (1990) has proposed 
the following solutions to these waste problems: 
1) Increase the reflux ratio, add a section to the column, retray/repack the column, or 
improve feed distribution to increase column efficiency. 
2) Insulate or preheat the column feed to reduce the load on the reboiler. A higher reboiler 
load results in higher temperatures and more sludge generation. 
3) Reduce the pressure drop in the column, which lowers the load on the reboiler. 
In addition, vacuum distillation reduces reboiler requirements, which reduces sludge formation. 
At one facility, the conventional packing in an ethyl 3-ethoxy propionate (EEP) still was replaced 
with high efficiency structured packing. The conversion resulted in 2.5 millions pOll.nds per year 
more EEP available for sale and a decrease in still bottoms sent to incineration of 51 % 
(Hazeltine, 1992). 
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Filtration and Washing 
Based on experiences in the North Carolina's technical assistance program, Hunt (1990) 
recommends the following options for reducing wastes due to filtration and washing: 1) 
eliminate or reduce the use of filter aids and disposable filters, 2) use countercurrent washing, 
and 3) recycle spent wash water. A pharmaceuticals manufacturer in Portugal was able to avoid 
generating aqueous waste from filtration of calcium fluorides in their acetone recovery operation 
by using a thin-film evaporator instead of filtration (Macleod, 1992). Besides reducing aqueous 
waste that would have resulted from filter cake washing, the thin-film evaporator had lower 
capital costs than the filtration equipment. 
2.4b HEAT EXCHANGERS 
Heat exchangers can be a direct source of waste when high temperatures cause the fluids 
they contain to form sludges. These sludges increase heat transfer resistance and therefore must 
be periodically removed. Because it reduces efficiency and increases process energy 
requirements, sludge buildup in heat exchangers is an indirect source of combustion-related 
emissions. The methods for reducing heat exchanger waste fall into two categories: reduction 
of sludge generation and improved cleaning techniques. Methods that reduce sludge generation 
result in reduction in both direct and indirect wastes from heat exchangers. Improved cleaning 
techniques are discussed in a previous section. 
Sludge generation can be reduced by reducing the temperatures used in a heat exchanger. 
Higher temperatures than necessary are frequently used because of the availability of process 
steam at fixed pressures (Nelson, 1990). It is possible to alter steam pressures with the use of 
a thermocompressor like the one pictured in Figure 2-1. Staged heating, shown in Figure 2-2, 
can be used to reduce sludge formation when high temperatures are required. 
Sludge buildup can also be minimized through the use of on-line cleaning techniques 
(Someah, 1992), scraped wall exchangers (Carlson, 1992), and non-corroding tubes (Nelson, 
1990). Antifoulants (scale inhibitors) prevent sludge buildup as well (API, 1991a). An 
alternative to shell-and-tube heat exchangers is the plate-and-frame heat exchanger that can 
reduce sludge waste in many ways. Because of the narrow space between plates in these 
exchangers, the heat transfer fluids have high, uniform turbulence, enhancing heat transfer and 
necessitating a lower temperature hot side, which reduces sludge buildup. The narrow space also 
eliminates areas of little or no flow that allow buildup of dirt and debris in conventional heat 
exchangers. Non-corroding tubes result in less sludge generation in part because corroded areas 
slow down the heat transfer fluid, allowing sludge generation to begin. . 
2.4c REACTORS 
Reactors are a key element in any chemical process, and are particularly important in 
waste generation. The reactor is, after all, the unit where most of the undesired by-products that 
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Figure 2-1. A device for upgrading low pressure steam (Nelson, 1990). 
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Figure 2-2. Staged heating may reduce waste generation (Nelson, 1990). 
eventually make up the waste streams are created. Four levels of analysis for examining reactor 
designs for waste reduction potential are presented in this section. The first level of analysis is 
to consider selectivity and detennine if the reactor is producing the maximum amount of product 
and the minimum amount of by-product per unit mass of feed material. In the second level of 
analysis, eliminating trace-level contaminants from reactor by-product streams is considered. The 
third level of analysis involves reconsidering reaction chemistry, and is followed by a discussion 
of avoiding the storage of highly hazardous materials. 
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Methods for Maximizing Selectivity 
The tools for optimizing selectivity are well known to chemical reaction engineers and 
have been described at length in reaction engineering texts (see, for example Fogler, 1992; 
Levenspiel, 1972). By modeling reactions, it is possible to predict the optimal reactor type and 
derive the process conditions, such as temperature and residence time, that minimize the 
production of by-products. This type of analysis has shown that simple changes in reactor 
conditions in the production of acrylonitrile and allyl chloride may result in waste reduction 
(Hopper et aI, 1992). A pragmatic review of some of the methods that can increase reactor 
selectivity and reduce waste is summarized here (Nelson, 1990): 
1) Improve physical mixing in the reactor, which will improve selectivity if the reaction 
order is greater than one (Levenspiel, 1972). 
2) Distribute feeds better to avoid short-circuiting. This will insure that as much of the feed 
as possible is in the reactor for the optimum residence time. 
3) Premix reactants, which may result in better selectivity. 
4) Provide a separate reactor for recycle streams, as shown in Figure 2-3. As Nelson (1990) 
notes, "Recycling byproduct and waste streams is an excellent technique for reducing 
waste, but often the ideal reactor conditions for converting recycle streams back to usable 
products are considerably different from conditions in a primary reactor." If a separate 
recycle reactor is used it can be optimized for recycle conditions. 
Recycle 
st::~s i!!IIIIII!I!II!I!!I! 
Reactor 
product 
Feed 
streams 
Figure 2-3. Recycle reactors can be operated at conditions that would be impractical in a 
primary reaction, but which may result in less waste generation (Nelson, 1990). 
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5)	 Examine heating and cooling techniques, particularly focussing on avoiding cool spots and 
hot spots. Eliminating the use of direct steam contacting as a heating method is also ­
likely to reduce wastes. 
As disposing of wastes becomes increasingly expensive, highly selective processes that 
were either too energy- or capital-intensive to be used before may become competitive. For 
instance, it may become economical to change to a new, capital-intensive catalyst with improved 
selectivity. 
Eliminating Trace-Level Contaminants from Reactor By-Product Streams 
Generation of hazardous waste can sometimes be avoided at the expense of selectivity. 
The hazards associated with many waste streams from reactors are due to trace components in 
the stream. For example, if a reactor produces a by-product stream that is considered a 
hazardous waste only because it contains a trace of a chlorinated dibenzodioxin, then eliminating 
the trace level of the dioxin may allow the by-product stream to be used productively. 
Eliminating the production of very hazardous trace-level components may involve far different 
reactor designs than those used for maximizing selectivity. In order to design reactors that 
eliminate production of trace contaminants, molecular-level chemical kinetic models must be 
developed. In petroleum refining and paper pulp mills, the complexity of molecular models is 
compounded because the raw materials to be reacted are natural products with varying 
compositions. At this time, there are only two complex industrial processes modeled at the level 
of detail required to track trace contaminant production: ethylene production and combustion of 
hydrocarbons with four or fewer carbon atoms per molecule. Both of these reactions are high 
temperature, low pressure, homogeneous gas-phase reactions. 
Changing Process Chemistry 
Waste created from undesirable side reactions may make a change in raw materials 
attractive. For example, when acrylonitrile is produced via the ammoxidation of propylene, side 
reactions create waste acrolein, acetonitrile, and hydrocyanic acid. Producing acrylonitrile 
through the cyanation/oxidation of ethylene might significantly reduce the wastes associated with 
acrylonitrile production. 
Consideration of the reaction chemistry that results in the formation of waste can also lead 
to changes in raw materials. It has been shown that if oxygen is present during the chlorine 
catalyzed pyrolysis of methane, fonnation of carbonaceous deposits is avoided (Senkan, 1987). 
It has been suggested that this is because the oxygen reacts with the precursor to the waste, 
competing with the polymerization processes that create the carbonaceous deposits. 
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Avoiding the Storage of Highly Hazardous Materials 
If the reactants in a process are highly hazardous, their storage can be reduced by fonning 
them where they are required and as they are needed. This is called in-situ, on-demand 
generation. Consider as an example the synthesis of gallium arsenide and zinc selenide in the 
electronics industry. A major hindrance to the development and implementation of GaAs and 
ZnSe materials is the fact that the precursor compounds, such as arsine (AsH3) and hydrogen 
selenide (H2Se) are highly volatile and extremely toxic. The large hydride gas flows used in 
GaAs and ZnSe synthesis systems necessitate the storage of the toxic gases in high pressure 
cylinders. An equipment failure could lead to the rapid discharge of the entire contents of the 
gas cylinder, and this is a primary concern with the use of the hydrides. Safety concerns have 
motivated the development of a number of less hazardous precursors such as tert-butyl arsine, 
dimethyl selenide, and methyl allyl selenide. Some of the organic precursors are less volatile, 
so they can be stored as liquids, reducing the rate of release to the gas phase in the event of an 
accident. However, because of source-induced carbon incorporation and high reaction 
temperatures, it has proven to be considerably more difficult to achieve high film quality with 
these precursors than with the hydrides. 
In-situ generation of the hazardous hydrides offers an alternative to working with the 
carbon-containing precursors. In-situ production of H2Se has been implemented in the synthesis 
of high quality ZnSe films (Giapis, 1989). The process consists of (i) formation of selenium 
vapor, (ii) reaction with hydrogen to produce H2Se, and (iii) condensation of excess H2Se so that 
the hydride concentration can be precisely controlled. This in-situ production of the precursor 
represents a new level of process integration for microelectronics fabrication, with benefits in 
both product quality and waste minimization. 
2.5 REDUCING FUGITIVE EMISSIONS 
Fugitive emissions are unintentional releases from process equipment. These releases are 
not trivial; it has been estimated that fugitive emissions account for approximately a third of the 
organic emissions from synthetic organic chemical manufacturing industry (SOCMI) facilities 
(Stelling, 1986). Remember from Section 1 that the possible sources of fugitive emissions 
include pumps, compressors, valves, flanges, pressure relief valves, sampling connections, and 
open-ended lines. These components can number in the thousands at a typical SOCMI facility 
and in the tens to hundreds of thousands at petroleum refineries. Conventional technology 
components in good working order emit very low quantities of process fluid that, for most 
applications, is not a concern. However, when there is a mechanical failure of.a seal, packing, 
or gasket, a leak results. The precise timing and location of leaks cannot be predicted, but they 
can be prevented or repaired, and leakless technology is available for applications where even 
minuscule releases cannot be tolerated. This section describes some generally applicable methods 
for reducing fugitive emissions. The techniques can be cost-effective and result in significant 
reduction of the total emissions from a facility. 
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There are two types of fugitive emissions. One type is low level leaks from process 
equipment. The other type of fugitive emission is episodic fugitive emissions, where an event ­
such as equipment failure results in a sudden large release. Often, methods for reducing low 
level equipment leaks result in fewer episodes, and vice versa, but this is not always the case. 
Methods for reducing or eliminating both types of fugitive emissions can be divided into two 
groups: 1) leak detection and repair and 2) equipment modification. 
2.5a LEAK DETECTION AND REPAIR 
In leak detection and repair (LDAR), process equipment such as pumps and valves is 
inspected periodically for leaks with an organic vapor analyzer (OVA). If the OVA detects a 
concentration greater than some threshold level (e.g., 10,000 ppm), the component is said to be 
leaking and repair is required. 
Industrial LDAR programs vary widely in their inspection frequency and in their 
effectiveness. At one extreme is constant monitoring using area-wide sensors. Area monitoring 
is especially effective for chemicals that can be detected at very low concentrations. For 
materials that either cannot be monitored or are too expensive to monitor constantly, manual 
detection is generally perfonned, typically on a monthly, quarterly, or annual basis. Although 
more costly, monitoring equipment at short intervals results in more effective emission reduction. 
For example, monitoring and repair of valves in light liquid service at monthly intervals is a third 
again as effective as monitoring quarterly, and nearly three times as effective as monitoring every 
six months (US EPA, 1982). 
When a component is found to be leaking, an appropriate method of repair must be 
chosen. Some repairs can be made to equipment in service, such as tightening bolts or 
lubricating packing. However, there are times when a repair cannot be made without removing 
the component from service. These repairs are usually made at normal shutdown times, because 
shutting down a process to repair a leaking component can result in larger emissions than long 
term emissions from the leak itself. 
2.5b EQUIPMENT MODIFICATION 
Equipment modification to reduce fugitive emissions might include redesigning a unit so 
that fewer joints and other potential leaks exist, replacement of existing components with those 
that cause fewer or no emissions, or sealant injection. It is important to remember that seals on 
ordinary equipment allow some process fluid to escape but when in good working order these 
releases are very nearly zero. The following is a brief description of the types of equipment from 
which fugitive emissions are generated, where the emissions occur, and what equipment changes 
can be made to reduce or eliminate these emissions. 
The most numerous component in a plant is the connector, which is used to connect 
piping to other piping or to equipment. Flanges are connectors comprised of gasket sealed 
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junctions that are used on pipe with a diameter of two or more inches. Flanges may leak because 
of improperly selected gaskets or poor assembly. Other types of connectors are generally used 
on smaller diameter pipe. Threaded connections, which leak when cross threaded, are an 
example. Another type of small pipe connector is a nut-and-ferrule connection, which leaks 
when poorly assembled. All types of connectors are subject to thermal deformation and may leak 
as a result. Connectors and their associated emissions can be eliminated in some cases through 
the use of welded joints. 
It is no surprise that in equipment with moving parts, releases generally occur around the 
moving part. Packing, which is subject to degradation, is often used around such parts to fonn 
a seal between the process fluid and the atmosphere. For valves, the moving part is the valve 
stem and emissions usually occur through the packing gland around the stem. There are two 
main types of "sealless" or "leakless" valves which have no emissions through the stem. They 
are bellows valves, which are extremely expensive and used mostly in the nuclear power 
industry, and diaphragm valves, which separate the valve stem from the process fluid through the 
use of a diaphragm. The diaphragm in some designs serves as the flow control device in addition 
to fonning a barrier between the stem and the process fluid. If the diaphragm fails, emissions 
result, and packing is sometimes used as a backup for the diaphragm. Repair of a faulty 
diaphragm cannot be made without removing the valve from service. 
As with valves, emissions from pumps occur largely around the moving parts; releases 
occur where the pump shaft meets the stationary casing. Packed seals are used, but well 
maintained mechanical seals generally leak less. However, mechanical seals are costly and time 
consuming to repair and sudden failure of a mechanical seal can result in large emissions. 
Because of this, mechanical seals are often backed up by either more mechanical seals or packed 
seals. When dual mechanical seals are used, a barrier fluid may be circulated between the seals 
to further reduce fugitive emissions. This barrier fluid must be treated to remove process fluid. 
Sealless designs for pumps include the canned motor pump, where the pump bearings run in the 
process fluid, and the diaphragm pump, where a flexible diaphragm is used to drive the process 
fluid. There are also magnetic drive pumps in which the impeller is driven by magnets. 
Compressors are similar to pumps in that they generally have rotating or reciprocating 
shafts. Like pumps, they move process fluid, but it is in the form of a gas instead of a liquid. 
Again, packed and mechanical seals are used, but the use of packed seals is largely restricted to 
reciprocating compressors. Mechanical seals for compressors are not necessarily of the contact 
design used for pumps. Restrictive carbon rings and labyrinth type seals which are composed 
of interlocking teeth are also used. Another type of seal used in compressors is a liquid film 
seal, in which an oil film is placed between the rotating shaft and a stationary gland. 
Pressure relief devices are used to prevent operating pressure from exceeding the 
maximum allowable limit of the equipment. One type of pressure relief device is a valve that 
opens when the operating pressure exceeds a certain limit and closes when levels are safe again. 
These valves can leak because they did not reseat properly or because the operating pressure is 
near their limit and they are "simmering" (popping open and closed). Another type of pressure 
relief device is the rupture disc, which is leakless under normal operation. A rupture disc bursts 
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when the operating pressure exceeds its limit, allowing process fluid to escape until a new disc 
is installed. Rupture discs can be mounted upstream of pressure relief valves to eliminate ­
emissions from poorly seated valves. Careful equipment design and proper process operation 
correct the problem of simmering relief valves. Some pressure relief valves have an improved 
"soft" seat which seals better upon reseating. 
Another class of components from which fugitive emissions originate is open-ended 
valves and lines. Drain valves, purge valves, and vent valves fall into this category. Process 
fluids leak when the valves are in poor repair or not fully closed. A pipe plug, cap, or blind 
flange can be installed over the open end to prevent emissions, or a second valve can be 
installed. 
Sampling systems are used to verify that a process unit is operating properly. They must 
be purged before sampling in order to obtain a representative sample. If the purge stream is 
drained to the ground or sewer, it is an episodic fugitive emission. The purge stream can be 
eliminated by modifying the sampling system so that the purge stream is routed back to the 
process. Such sampling systems are called closed purge sampling systems. 
2.5c EFFECTIVENESS OF PREVENTION MEASURES 
The cost effectiveness and control effectiveness of various fugitive emission reduction 
measures is given in Table 2-2 as a percentage of reduction. As shown in this table, the most 
effective control techniques are often many times more expensive than less effective techniques. 
In pumps, for example, dual mechanical seals have an amortized annual expense roughly ten 
times that of quarterly or monthly leak detection and repair programs. Quarterly and monthly 
leak detection programs for valves can result in savings, with the monthly programs generating 
greater emission reductions than the quarterly programs. Leak detection and repair programs for 
pressure relief devices do not have nearly the control effectiveness of venting the device to a 
flare and using a rupture disk, but they can result in savings. A common theme in fugitive 
emission reduction programs throughout the Synthetic Organic Chemical Manufacturing 
Industries (SOCMI) as well as in petroleum refineries is that good work practices and LDAR 
programs result in large emission reductions at a fraction of the cost of replacing equipment with 
leakless components. 
2.6 REDUCING SECONDARY EMISSIONS 
Secondary emissions are emissions that are a result of the construction or operation of a 
major stationary source, but that do not come from the source itself. This includes emissions 
from all waste treatment operations. Techniques for reducing secondary emissions can be divided 
into two groups: 1) the operating practices or equipment giving off secondary emissions are 
modified, and 2) the nature and/or quantity of the material responsible for secondary emissions 
is modified at its origin. The first of these strategies has traditionally been the focus of efforts 
to reduce secondary emissions. In this section, the discussion of secondary emission reduction 
Table 2-2. Effectiveness of various fugitive emission reduction techniques (Dimmick and Hustvedt, 1984). 
Equipment Control Technique 
Control Effectiveness, % Cost Effectiveness 
of Techniques at 
Refmeries, $!Mg. 
SOCMI 
Petroleum 
Refineries 
Pumps, light liquid service Dual mechanical seals 100 100 2000 
Monthly leak detection and repair 60 80 158 
Quarterly leak detection and repair 30 70 157 
vatves, gas/light liquid service Monthly leak detection and repair 60 70 -60 
Quarterly leak detection and repair 50 60 -110 
Sealed bellows valves - - 4700 
Pressure Relief Devices Rupture disk 100 100 410 
Monthly leak detection and repair 50 50 -110 
Quarterly leak detection and repair 40 40 -170 
Open Ended Lines Caps, plugs, blinds 100 100 460 
Compressors Mechanical seals; vented degassing reservoirs 100 100 150 
Sampling Connections Closed purge sampling systems 100 100 810 
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will be limited to wastewater treatment units, which are an important source of secondary 
emissions. 
2.6a WASTEWATER TREATMENT 
Wastewater is treated before release to make it less toxic and, in some cases, for recovery 
of materials. As discussed previously, there are generally three stages of wastewater treatment: 
1) primary treatment which uses physical operations to remove free oil and/or suspended solids, 
2) secondary treatment for the removal of dissolved contaminants through chemical or biological 
action, and 3) tertiary treatment for the removal of residual contaminants. 
Modifications to Wastewater Treatment Facilities 
As with secondary emissions in general, modification of existing treatment units or 
introduction of additional treatment units has traditionally been the focus of efforts to reduce 
emissions from wastewater treatment units. One of the most effective equipment modifications 
for reducing emissions from wastewater treatment plants is to add a pretreatment unit prior to the 
primary stages of the treatment facility to remove volatile organic compounds from the 
wastewater. This is commonly done through steam stripping, where fractional distillation of the 
wastewater stream is accomplished by directly contacting it with steam. If the volatile organics 
that are driven off are recycled, this can be considered to be pollution prevention. Another 
pretreatment process that can be used to remove volatile organics from wastewater is air 
stripping. The effectiveness of steam and air strippers is dependent on the volatility of the 
compounds to be removed, as shown in Table 2-3. Some pretreatment processes do not rely on 
a compound's volatility, including those that involve carbon and ion exchange, adsorption, 
chemical oxidation, membrane separation, and liquid extraction. Significant reduction in 
emissions can be accomplished by pretreatment of a small portion of the wastewater streams, 
since 20% of the streams release 65% of secondary emissions (Elliott and Watkins, 1990). 
Therefore, routing only those streams with a high potential for emission reduction through 
pretreatment is prudent. 
Table 2-3.	 Control effectiveness of steam and air stripping wastewater prior to treatment (US 
EPA, 1985). 
Henry's Law Constant of Compound, atm-m3jgmol 
>10-3 
<10-3 and>10-5 
<10-5 
Effectiveness 
Stream Stripper Air Stripper 
95% to 99% 90% to 99% 
90% to 95% <50% to 90% 
<50% to 90% <50% to 90% 
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Mass transfer equations used to estimate secondary emissions can also be useful in 
developing preventive strategies for specific units. For example, if the emission rate from au-nit 
is dominated by the liquid phase mass transfer coefficient, modifications intended to lower the 
gas phase mass transfer coefficient will not appreciably reduce the rate of emissions. Also, 
emission estimates for units in a wastewater treatment facility can be used to identify which areas 
are responsible for the majority of emissions. This makes it possible to carefully consider the 
units whose modification would be the most effective in reducing emissions. It can be surprising 
where large emissions occur. At one facility for treating the wastewater from a large 
petrochemical plant, it was estimated that a single weir with a four foot drop was responsible for 
more than 15% of the emissions (Berglund and Whipple, 1987). 
Modifying Wastewater Streams 
The second group of reduction strategies is to alter the nature and/or quantity of the 
material responsible for secondary emissions by modifying the process responsible for its 
creation. To do this, a thorough waste audit is necessary. By itself, physical characterization of 
the waste streams provides adequate information to implement the types of controls in the 
traditional reduction strategies, but the origin of the wastes must be understood in order to 
develop strategies that prevent generation of secondary emissions. The diversity of secondary 
emission sources makes it impossible to provide general tactics for preventing these emissions. 
Each waste stream must be considered for options on a case by case basis. 
At one large refinery, a study aimed at developing pollution prevention options uncovered 
several specific tactics for reducing waste generated in the wastewater treatment unit (Balik and 
Koraido, 1991). The study team proposed that the coke fines and the water generated in the coke 
cutting operation be separated more efficiently, reducing the amount of solid waste generated in 
the refinery's oil/water separator and increasing recovery of coke. This could be accomplished 
by retrofitting the original coke solids separator with an inclined plate separator, and would 
generate annual cost savings of $250,000. Another pollution prevention proposal was to use 
refonner off-gas scrubber water as makeup water for the crude desalting units. This would 
reduce consumption of city water and reduce the load to the wastewater treatment unit, generating 
an annual cost savings of $450,000. Capital costs for this option were projected to be paid back 
in approximately six months. A third pollution prevention proposal suggested by the study team 
involved reduction of spills where the coking unit loaded coke into railroad cars. Spills resulted 
both in degradation of the coke product and in increased solids loading to the wastewater 
treatment unit. Loading could be accomplished in a more controlled manner by crushing the 
coke and loading it into an intermediate silo. Annual cost savings for this option as a result of 
a reduction in solid waste from the oil/water separator and an increase in coke recovery were 
projected to be $900,000 with a payback period of one year. These pollution prevention 
strategies could only be developed after a complete waste audit detailing the causes of pollution 
in each waste stream was performed. 
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2.7 PROCESS FLOW SHEETING FOR POLLUTION PREVENTION 
Previous sections described how the design and operation of individual unit operations 
could be modified to reduce wastes and emissions. In this section, the ways in which the 
sequencing and networking of unit operations can influence waste generation are shown. The 
problem is examined primarily from the viewpoint of evaluating and altering existing processes, 
rather than from the standpoint of grass roots design, where the process has not been specified 
and the designer can start with a blank sheet of paper. 
The simplest tool for analyzing a flow sheet is the mass balance. While most process 
engineers are comfortable with the concept of a mass balance, a number of new issues arise when 
mass balances are applied to pollution prevention. Two key issues are defining system 
boundaries and detennining the level of detail required in the mass flow analysis. 
2.7a DEFINING SYSTEM BOUNDARIES 
The first issue that must be unambiguously addressed in perlorming a mass flow analysis 
of a flow sheet is the definition of system boundaries. Previously, the discussion of storage tank 
wastes illustrated this important issue. A flow sheet for tank bottom waste is given in Figure 2-4. 
Recall that the American Petroleum Institute (1991) noted that some refineries reduce tank 
bottoms waste by adding emulsifying agents to the tanks. While this certainly reduced tank 
sludge, the emulsifying agents might increase downstream wastes. In this case, if the system 
boundary was just the storage tank, a single unit operation, then the net impact of adding an 
emulsifier is clear: less tank sludge is generated by adding the emulsifier. If the system that is 
chosen is larger, and includes both the tank and the downstream processing unit, then the impact 
of adding the emulsifier is less clear. The emulsifying agent may create more waste downstream 
than it prevents in the tank. In this case, the definition of the system boundary plays a key role 
in determining whether a pollution prevention option does, in fact, prevent pollution. 
As another example of the impact of the choice of system boundaries, consider the 
example of a large, integrated chemical manufacturing facility which operates plants 1, 2 and 3 
(Tellus Institute, 1991). Plant 1 converts raw materials into an intermediate, which is then 
consumed by plants 2 and 3 to produce a final product. In the current configuration, shown in 
Figure 2-5, plant 1 produces 17.5 million pounds per year of wastes, while plants 2 and 3 
produce no wastes. A proposed process modification, shown in Figure 2-6, will decrease the 
waste from plant 1 by 4.3 million pounds per year but will increase the wastes from plant 2 by 
0.5 million pounds per year. Clearly, if the integrated operation of plants 1, ~, and 3 are 
considered as the flow sheet, then a simple mass balance reveals that this process modification 
will reduce wastes by 3.8 million pounds per year. On the other hand, if each plant is treated 
as an individual facility, responsible for the costs and management of its own wastes, then it will 
be very difficult to convince plant 2 to accept this process modification. 
Consider yet another example of the importance of specifying system boundaries, where 
a petroleum refiner has agreed to accept used crankcase oil from consumers in a product 
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before 
crude oil	 water 
crude oil t---~ desalted oil to additional processing tank 
crude oil 
desaltercrude oil 
water to recycle 
or discharge 
tank sludge waste 
emulsion and sludge wastes 
after 
emulsifier 
crude oil water 
tank sludge waste 
reduced or eliminated 
I---~ desalted oil to additional processing 
crude oil 
desalter 
water to recycle 
or discharge 
emulsion wastes possibly increased 
Figure 2-4.	 The emulsifying agent, added to the tank to reduce sludge, might result in more 
waste being formed when the crude oil is fed to the desalter. 
stewardship campaign. By accepting this oil, which contains much higher levels of metals and 
other contaminants than most crude oils, the refiner will increase both the quantity of waste 
generated in refining and the quantity of waste per unit of production. If the product stewardship 
campaign were viewed strictly from the standpoint of the refinery, the project would not proceed. ­
If, on the other hand, one considers all of the wastes generated by the motor oil, from crude oil 
extraction to the handling of the used product, then it is clear that motor oil recycling prevents 
pollution. In this case, the desirability of a pollution prevention project depends upon whether 
the mass flows are evaluated around the entire life cycle of a product, or around a single facility. 
In all of these examples there is no correct or incorrect choice of system boundaries. The 
important points to note are that the system boundaries must be clearly defined, and that their 
specification can have a profound impact on the viability of a pollution prevention project. 
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Plant 1 
waste Byproduct & 
Unrecovered 
(to landfill) 
Refined 
Intermediate 
Plant 2 
Plant 3 
Byproduct and 
Unreacted Intermediate 
Final Product 
Figure 2-5.	 Before a proposed pollution prevention modification, plant 1 produces 17.5 million 
pounds per year of waste while plants 2 and 3 produce no waste (Tellus Institute, 
1991). 
2.7b MASS BALANCES VS. WASTE STREAM MEASUREMENTS 
After the system boundaries are selected, a second major decision that must be made in 
analyzing a process flow sheet is whether detailed mass balance techniques will yield significant 
infonnation about waste flows. In some cases, mass balance data are almost irrelevant for 
establishing waste flows. For example, in an API separator, the emissions to the atmosphere of 
Final Product 
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Plant 1 
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Crude Intermediate 
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Byproduct 
Uncovered 
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Unreacte 
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Byproduct 
Waste 
Final Product (to landfill) 
Figure 2-6.	 After a proposed pollution prevention modification at the manufacturing operation 
of Figure 2-4, plant 1 and plant 2 produce 13.2 and 0.5 million pounds of waste _ 
per year, respectively (Tellus Institute, 1991). 
benzene, toluene, ethylbenzene, and xylenes nlight be less than 0.01 kg/hr. If the flow rate of 
the oil from which these compounds were evaporating is over 10,000 kg/hr, measuring 
concentrations and mass flows is unlikely to yield an accurate estimate of emissions, because the 
waste flows are over a million times lower than the process flows. The concentrations and flow 
rates would need to be accurate to six or more significant figures to provide acceptable data. 
This is typical in industries which produce bulk, commodity products (petroleum refining, 
chemical manufacturing, pulp and paper manufacturing, mining/ore refining). In contrast, 
Final Product 
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industries that produce high value-added products, such as phannaceutical manufacturing and the 
electronics industries, may find mass balances an effective procedure for measuring emissions ­
and wastes. For example, the most straightforward method for accounting for solvent losses from 
a parts cleaning operation may be to keep track of all solvent purchases and assume that most 
of the solvent is lost. 
2.7c	 EXAMINING FLOW SHEETS FOR POLLUTION PREVENTION 
OPPORTUNITIES 
After the boundaries of the process flow sheet have been established, and once waste 
flows and emissions have been estimated (whether by mass balances or by other methods), the 
flow sheet can be examined, with the goal of identifying pollution prevention opportunities. At 
this point the flow sheet analysis becomes analogous to flow sheet analysis for process safety, 
frequently referred to as HAZard and OPerability analysis (HAZ-OP). Well established 
procedures for HAZ-OP exist (for example, see Crowl and Louvar, 1990). The potential hazard 
associated with each process stream is evaluated qualitatively or quantitatively by systematically 
considering possible failure scenarios. A parallel analysis for pollution prevention would 
systematically consider each waste stream, posing questions such as: 
•	 Could the waste stream be eliminated with a change in raw materials? 
•	 Could a change in process conditions (temperature, pressure, reactant concentrations) 
reduce waste generation? 
•	 Could a change in process configuration reduce waste generation?
 
• Could the waste be a raw material for another process?
 
In addition, each unit operation in the flow sheet should be examined, and the pollution
 
prevention options cited in previous sections should be exploited.
 
This type of flow sheet analysis for pollution prevention effectively amounts to a 
checklist. Unfortunately, considering each unit operation or each process stream in isolation is 
not always effective. At times, there can be interactions between various unit operations, as in 
the case with tank bottoms, and a more holistic examination of the flow sheet is required. 
To summarize then, the principle steps for evaluating a process flow sheet for pollution 
prevention are: 
1) Establish the bounds of the process. 
2) Using mass balances or estimation procedures, perlorm a waste stream audit, recalling 
that, as part of the audit, the composition of the waste stream and the mechanism of waste 
fonnation must be determined. 
3) For each waste stream, systematically examine pollution prevention options·. 
4) For each unit operation, systematically examine pollution prevention options. 
5) Evaluate the impact of each potential pollution prevention option on the entire process 
and on the finished product. 
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2.8 SUMMARY 
While most guides to pollution prevention have taken the fonn of case studies, it is 
important to remember that unit operations generate wastes through the same mechanisms 
regardless of the process in which they are embedded. In this section, ideas for pollution 
prevention through proper raw material selection were presented, along with methods for reducing 
solvent losses from cleaning operations and wastes from storage and transport. Then, techniques 
for developing pollution prevention measures for reactors, separation equipment, and heat 
exchangers were described. Methods for reducing fugitive and secondary emissions were 
presented, and the section closed with a description of process flow sheeting tools for pollution 
prevention. 
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SECTION 3 
SELECTING THE BEST
 
POLLUTION PREVENTION OPTIONS
 
In this section, two important tools for evaluating pollution prevention options are 
presented. First, Total Cost Assessment of waste management alternatives is described and the 
hidden costs, future liabilities, and less tangible costs associated with waste generation are 
discussed. The second topic of this section is methods for choosing the best pollution prevention 
alternatives among a group of options. Making these choices can be problematic because the 
variables to consider are not all in the same units of measurement, and it is difficult to aggregate 
them. 
3.1	 TOTAL COST ASSESSMENT OF POLLUTION CONTROL AND 
PREVENTION STRATEGIES 
Sometimes a pollution prevention strategy that seems economically inferior to a control 
strategy using traditional economic measures is revealed as the most attractive alternative when 
a complete assessment of the costs of waste generation is made. Such an assessment is called 
Total Cost Assessment. The economic evaluation of engineering projects typically involves 
estimation of equipment, installation, raw material, energy, operating and maintenance costs, and 
revenues. Disposal and pollution control costs are often factored into these calculations in 
detennining economic rates of return, but typical economic evaluations of projects are far from 
comprehensive in their treatment of the hidden, deferred, and qualitative costs related to 
environmental regulations. In Figure 3-1, four types of costs are identified. They are labeled 
Tier 0, Tier 1, Tier 2, and Tier 3. Tier 0 costs are the "usual" costs that are included in a 
conventional analysis of a project. Tier 1 costs include pennitting, reporting, monitoring, 
manifesting, and insurance costs and are often referred to as hidden costs because they are 
usually treated as overhead costs and are not directly charged to a project. Waste disposal costs 
are sometimes treated as overhead costs as well. Tier 2 costs include future liabilities, which are 
extremely difficult to accurately evaluate. Even more difficult to evaluate are Tier 3 costs, which 
include consumer responses, employee relations, and public image. 
A thorough analysis of Tier 0 costs is the first step in performing a Total Cost 
Assessment. These costs are described in a number of textbooks on engineering economics (eg. 
Valle-Riestra, 1983) and are not the subject of this section. Instead, approximate procedures for 
quantitatively estimating hidden costs such as pennitting, reporting, monitoring, manifesting, 
insurance, and waste management costs are provided along with qualitative and quantitative 
methods for evaluating future liabilities. Tier 3 costs are briefly described. 
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Figure 3-1.	 Schematic of EPA methodology for perfonning a Total Cost Assessment (EPA, 
1989). 
3.1a EVALUATION OF TIER 1 COSTS 
As mentioned previously, Tier 1 costs are often charged to overhead accounts, and as a 
consequence are regarded as "hidden." As a result, very simple opportunities for waste reduction, 
and therefore cost avoidance, are not exploited. For example, replacing an environmentally 
hazardous material with a more benign alternative may be difficult to justify if there are no direct 
cost savings. However, if the substitute material eliminates the need for reporting in the Toxic 
Chemical Release Inventory (TRI) and eliminates the need for manifesting residues that are 
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regulated under the Resource Conservation and Recovery Act (RCRA), the actual cost savings 
associated with the alternate material may be substantial. 
Evaluation of some of the hidden costs associated with waste generation and emissions 
is straightforward. For example, waste taxes and fees, as well as monitoring and analysis costs, 
can be quantitatively evaluated. Reporting and paperwork costs can be much more challenging 
to estimate, particularly for large organizations where these efforts are centralized. Reporting and 
paperwork costs for RCRA are used in this section to illustrate a mechanism for estimating such 
costs. 
The level of reporting required under RCRA depends on whether the facility is a large 
or small quantity generator, whether the facility transports waste, and whether the facility is 
considered to be a treatment, storage, and disposal site. Costs associated with RCRA reporting 
might include notification, reporting, recordkeeping, manifesting, labeling, monitoring/testing, 
planning/studies/modeling, training, inspections, preparedness/protective equipment, closure/post 
closure assurance, and/or insurance and special taxes. The U.S. EPA has provided methods for 
estimating the first five of these categories, which are summarized in Tables 3-1 to 3-5. These 
methods are very approximate, and the results can vary by orders of magnitude from facility to 
facility, depending on factors such as the number of waste streams that are generated or managed, 
whether the management takes place on-site, and the salary level of the responsible individual. 
Nevertheless, the general procedures presented in these tables are reasonable and can be tailored 
to fit individual facilities. A brief examination of Tables 3-1 to 3-5 reveals that the costs 
associated with notification, reporting, recordkeeping, manifesting, and labeling for RCRA 
reporting alone can be substantial. Additional hidden costs are incurred by requirements of other 
federal regulations such as the Clean Air Act, the Clean Water Act, Supetfund, and the 
Occupational Health and Safety Act. State and local reporting requirements can also be 
significant. Although the techniques presented in this section are perhaps very inaccurate, 
particularly for large organizations, any effort to systematically measure hidden costs will likely 
lead to better economic decision making. 
3.1b EVALUATION OF TIER 2 COSTS 
Tier 2 costs are the costs of future liabilities. Such liabilities can take the shape of either 
penalties and fines or personal injury and property damage settlements. Penalties and fines would 
be due to regulatory noncompliance. Personal injury and property damage settlements may be 
the result of legislation like the Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA, also known as Supetfund). Liability costs can be staggering: some 
large corporations pay hundreds of millions of dollars annually for such costs." However, 
evaluating liability costs and incorporating them into economic evaluations of projects can be 
very difficult. One of the sources of difficulty is the uncertainty of the costs. It is impossible 
to tell at the time a project is evaluated if and when the waste streams associated with it will 
generate liability under Superfund. Both the liability costs and the time at which these liabilities 
occur can dramatically impact a project's economic viability. 
Table 3-1. Estimation methods for RCRA notification (U.S. EPA, 1989). 
Annual Frequency of ~NOn-labor Labor costs) 
cost = occurrence x costs per + per 
($/yr) (number per year) occurrence occurrence 
RCRA Category 
Notification Provision and 
Citation for Relevant Legislation 
Frequency of 
Notification 
(Occ/yr) 
Non-Labor 
Costs per 
Notification 
($/Occ) 
Time Required 
Per 
Notification 
(hrs) 
Average Wage 
Rate of Person 
Completing 
Notification 
($/hr) 
Approximate 
Annual Cost 
($/yr)'" 
Exporter of Exportation of Hazardous Waste 1 2 2-3 25-100 50-300 
Hazardous Waste Notification 40CFR §262.53 
Treatment Storage RCRA Foreign Source 0-5 1 2 25-100 0-1000 
or Disposal Facility Notification 40CFR §164.12(a), 
40CFR §165.12(a) 
RCRA Permit Confirmation 
40CFR §164.12(b) 
1-4 1 2 25-100 50-800 
Local Notification of Operations 
40CFR §264.37 
40CFR §265.37 
1 3 40 25-100 100-4000 
Manifest Discrepancy 
Notification 40CFR §264.72 
40CFR §265.72 
0-125 1 2 25-100 0-20,000 
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Table 3-2. Estimation methods for RCRA reporting (U.S. EPA, 1989). 
Annual Frequency of (NOn-labor Labor costs) ):.. 
cost ~ occurrence x costs per + per ~ 
<=($/yr) (number per year) occurrence occurrence @ 
o 
~ 
RCRA Category 
Reporting Provision and Citation 
for Relevant Legislation 
Frequency of 
Reporting 
(Occ/yr) 
Non-Labor 
Costs per 
Report 
($/Occ) 
Time Required 
Per Report 
(hrs) 
Average Wage 
Rate of Person 
Completing 
Report ($/hr) 
Approximate 
Annual Cost 
($/yr)* 
RCRA Waste Generator 
(Large or Small (Quantity) 
RCRA Biennial Report 
40CFR §262.41 
0.5 5 8 25-100 100-400 
Large Quantity Generator 
(LQG) 
LQG Exception Report 
40CFR §262.42(a) 
0.1-1.5 1 2 25-100 6-300 
Small Quantity Generator 
(SQG) 
SQG Exception Report 
40CFR §262.42(b) 
0-0.1 1 0.25 25-100 0-4 
Waste Exporter Primary Exporter's Annual and 
Exception Reports 
40CFR §262.55 
40CFR §262.56 
1-2.5 2 2.5 25-100 60-600 
Treatment, Storage, 
Disposal Facility (TSDF) 
TSDF Biennial Report 
40CFR §264.35 
40CFR §265.75 
0.5 5 8-40 25-100 100-2000 
Treatment, Storage or 
Disposal Facility (TSDF) 
Unmanifested Waste Report 
40CFR §264.76 
40CFR §264.75 
0-1.25 1 1 25-100 0-1200 
TSDR Release, Fire, Explosion and 
Closure Reporting 
2 2 5 25-100 250-1000 
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·Costs given to one significant figure. 
Table 3-3. 
*Costs given to one significant figure. 
Estimation methods for RCRA recordkeeping (U.S. EPA, 1989). 
Annual Frequency of ~Non-Iabor Labor costs) 
cost occurrence x costs per + per 
($/yr) (number per year) occurrence occurrence 
RCRA Category 
Recordkeeping Provision and 
Citation for Relevant Legislation 
Frequency of 
Recordkeeping 
(Occ/yr) 
Non-Labor 
Costs per 
Record 
($/Occ) 
Time Required 
Per Record 
(hrs) 
Average Wage 
Rate of Person 
Completing 
Record 
($/hr) 
Approximate 
Annual Cost 
($/yr)· 
RCRA Waste 
Generator 
Reports, Test Results, Waste 
Analysis Records 
40CFR §262.40 
5-100 1 0.25 10-100 10-2500 
RCRA Waste 
Exporter 
Exporters Records and 
Notification Records 
40CFR §262.57 
5 1 0.25 10-100 10-100 
Hazardous Waste 
Transporter 
Manifesting Records 
40CFR §263.22 
0-200 1 0.25 10-100 0-5000 
Treatment, Storage 
or Disposal Facility 
Operating Record 
40CFR §264.73, 40CFR §165.73 
250 1 0.25 10-100 600-6000 
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Table 3-4. Estimation methods for RCRA manifesting (U.S. EPA, 1989). C/) ~ 
~1J0Annual Frequency of ~NOn-labor Labor costS) 0 r­
cost occurrence x costs per + per ~~ o~($/yr) (number per year) occurrence occurrence ~~ 
~1J C/)~ 
Non-Labor 
Average Wage 
Rate of Person 
RCRA Category 
Manifesting Provision and 
Citation for Relevant Legislation 
Frequency of 
Manifesting 
(Occ/yr) 
Costs per 
Manifest 
($/Occ) 
Time Required 
Per Manifest 
(hrs) 
Completing 
Manifest 
($/hr) 
Approximate 
Annual Cost 
($/yr)* 
RCRA Waste Off-Site Transport Manifesting 4-100 0.5 0.25-1 25-100 20-10,000 
Generator 40CFR §262, Subpart B 
Treatment, Storage Manifesting 40CFR §264.71 4-500 0.5 0.25-1 25-100 20-50,000 
and Disposal 40CFR §265.71 
Facility (TSDF) 
*Costs given to one significant figure. 
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Table 3-5. Estimation methods for RCRA labeling (U.S. EPA, 1989). 
Annual Frequency of ~Non-Iabor Labor costs) 
cost occurrence x costs per + per 
($/yr) (number per year) occurrence occurrence 
RCRA Category 
Labeling Provision and Citation 
for Relevant Legislation 
Frequency of 
Labeling 
(Occ/yr) 
Non-Labor 
Costs per 
Labeling 
($/Occ) 
Time Required 
Per Label 
(hrs) 
Average Wage 
Rate of Person 
Completing 
Label 
($/hr) 
Approximate 
Annual Cost 
($/yr)* 
RCRA Waste 
Generator 
Package Marking and 
Transportation Labeling 
40CFR §262.31 
40CFR §262.32 
40CFR §262.33 
4-500 20 0.75 IS-50 100-30,000 
·Costs given to one significant figure. 
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Estimates can be made based on experiences with landfill failure. For example, a 
company's records might indicate that 10% of landfills fail within ten years. Estimates might ­
also be based on the average expected lifetime of a landfill, which is approximately 20 years. 
Even if such methods are used, another uncertainty is introduced in the magnitude of the liability. 
Cleanup costs vary according to the stipulated requirements and the techniques involved. Also, 
if a generator is the only principal responsible party at a Superfund site, it will be responsible 
for the costs of the entire cleanup. If there are ten principal responsible parties, the cleanup costs 
are divided equally among them. 
Partly because of the tremendous uncertainty associated with estimates of future liabilities, 
they are rarely included in economic evaluations of projects. There is another factor that impedes 
the inclusion of these liabilities. According to the Tellus Institute (1991), "[f]or publicly traded 
companies, liability estimation is controversial because the Securities and Exchange Commission 
requires firms to report liabilities to stockholders and to accrue assets to cover these future costs." 
This level of responsibility for cost estimates that might be inaccurate by orders of magnitude 
drives publicly traded companies to either avoid quantitative evaluation of liability costs or to 
exercise extreme caution in estimating potential liability. 
As shown in the next section on prioritizing pollution prevention options, future liabilities 
are sometimes evaluated qualitatively instead of quantitatively. For example, a particular 
pollution prevention alternative might be assumed to either reduce liability or increase it. It is 
possible to consider a qualitative evaluation such as this in the economic evaluation of projects. 
3.1e EVALUATION OF TIER 3 COSTS 
The least tangible of the economic factors that might be considered in evaluating pollution 
prevention projects are grouped into the third tier of costs. Consumer responses to improved 
product quality or improved corporate image, employee responses to improved environmental 
stewardship, and potential improvements in worker health and safety due to pollution prevention 
could all be considered. Such factors would be even more difficult to evaluate than the Tier 1 
and Tier 2 costs. 
3.2 PRIORITIZING POLLUTION PREVENTION OPTIONS 
Because waste streams have different environmental and safety impacts, because their 
elimination or reduction may pose unique technical challenges, and because the cos~s associated 
with their elimination or reduction may differ, some pollution prevention options are superior to 
others. Due to time and budget limitations, not all pollution prevention options can be pursued, 
and it is necessary to choose among the options. It is difficult to ascertain which options are 
superior for the same reasons that it is difficult to prioritize waste streams for pollution 
prevention projects as described in Section 1.4c of this handbook: there are many criteria that 
determine the priority of the options and these criteria do not have the same units of 
measurement. For example, costs are measured in dollars and risk to human health might be 
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expressed in potential cancer cases per million people. Nevertheless, these variables must 
somehow be aggregated if the "best" pollution prevention projects are to be selected. 
It is possible to choose one criterion, such as risk to human health, for ranking pollution 
prevention options. However, the rankings obtained will depend heavily on the choice of 
criterion. More robust rankings are obtained when a set of criteria are considered. To overcome 
the difficulty associated with criteria of different units of measure, a dimensionless score can be 
assigned to the criteria, as in the case for prioritizing waste streams. Criteria for ranking options 
might include: 
• reduction in relative impacts on human risk, 
• net reduction in emissions, 
• effect on utility and raw material requirements (resource utilization), 
• timeliness, 
• applicability of the modification to other facilities (transferability), 
• net effect on operation and maintenance costs, 
• capital costs, and 
• predicted impact on liability costs. 
These are the criteria that were used to rank pollution prevention options during the Amoco­
USEPA Pollution Prevention Project at Amoco's Yorktown refinery. Again, as in the case for 
prioritizing waste streams, the criteria might be weighted so that criteria perceived of as being 
the most important effect the results of the ranking the most. There are several methods for 
determining the weights to be assigned. The method used for the Yorktown project was the 
Analytic Hierarchy Process (ARP). This method is described by Saaty (1982). It was chosen 
because it is useful for making decisions involving a large number of diverse criteria. There are 
five steps in the AHP, the first of which is to identify a goal. The second step is to organize the 
criteria into a hierarchical structure that gives the relationship of each criterion to the goal. Each 
level in the hierarchy can be influenced only by the level above it and can influence only the 
level below it. The next step is to quantify the relative significance of each criterion by making 
pairwise comparisons between the criteria at each level in the hierarchy. Then, each option is 
evaluated for each criterion. The final step in the AHP is to make adjustments to the previous 
steps because of new information gathered during the ranking process. Adjustments may also 
be necessary if the ranking produced is sensitive to changes in criteria weights and option 
evaluation scores. 
Using this method, the criteria chosen for the Yorktown project were organized into the 
hierarchy shown in Figure 3-2. The main criteria in this hierarchy are risk reduction, technical 
characteristics, and cost factors. Cost factors are comprised of three criteria: operating and 
maintenance costs, capital costs, and liability costs. Liability costs are divided into remedial, 
catastrophic, and product liabilities. Technical characteristics include resource ·utilization, both 
raw materials and energy; timeliness; release reduction, both mode and quantity; and 
transferability. The bases for evaluating the criteria of Figure 3-2 are described briefly in Table 
3-6. These bases are not always obvious. For example, capital and operating and maintenance 
costs were evaluated in dollars and dollars per year, respectively, while liability costs were 
evaluated as either marginally decreasing, not changing, marginally increasing, or significantly 
increasing. Participants in the Yorktown project gave risk reduction, technical characteristics, 
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GOAL: Identify the Most Desirable Pollution Prevention Options for the Refinery 
Risk Reduction Technical Cost Factors (double weight) Characteristics 
Operation and Resource Timeliness Release Transferability	 Liability CapitalMaintenanceUtilization	 Reduction 
/\ 
Remedial Catastrophic Product 
Raw Utilities Mode Quantity 
Materials 
Figure 3-2.	 Hierarchy of criteria used to rank pollution prevention options for the Amoco­
USEPA Pollution Prevention Project (Amoco/USEPA, 1992). 
and cost factors weights of roughly 0.5, 0.3, and 0.2, respectively. When a group of pollution 
prevention options was prioritized using this procedure, the results were robust: when the 
variables (both weights and criteria ratings) are perturbed, the ranking does not change 
significantly. The results were also different than the ranking results from the use of any single 
criterion. 
3.3 SUMMARY 
In this section two tools for selecting successful pollution prevention projects are 
described. The first tool, called Total Cost Assessment, allows for a more accurate representation 
of the costs of waste generation. Some pollution prevention alternatives appear .economically 
favorable only when the waste generation costs of a control method are thoroughly evaluated. 
The second tool is methods for prioritizing pollution prevention options. When multiple criteria 
are used for such a prioritization, the results are more robust than if a single criterion is used to 
detennine the ranking of the options, and better choices are likely to be made. 
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Table 3-6. Bases for evaluation of criteria in Yorktown project (Amoco/US EPA, 1992). 
Criteria Basis for Evaluation 
Risk Reduction Determine the relative impacts on human risk each option would have if 
implemented. 
Technical Characteristics 
Resource utilization Find the number of decreases or increases in raw material and utilities for 
each option. 
Timeliness Determined as either short (less than three years), medium (three to six 
years) or long term (more than seven years). Shorter term options 
considered more desirable. 
Release reduction Quantitative estimate of release reduction in tons/yr, and categorization of 
the reduction mode into one of four categories (listed in descending order 
of preference): source reduction, recycling, treatment, and disposal. 
Transferability Evaluated in terms of whether or not the technology required to implement 
the option could be transferred to other facilities near the refinery, other 
refineries, or other industries. Highest priority given to options transferable 
to other refineries, followed by transferability to the community and other 
industries, in that order. 
Cost Factors 
Operation and maintenance Quantitative estimate in $/yr. 
Capital Quantitative estimate in $. 
Liability Determined qualitatively for three types of liability: remedial (for cleanup 
of current disposal sites in the future), catastrophic, and product. Options 
determined to cause either a marginal decrease, no change, a marginal 
increase, or a significant increase in these types of liability. 
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This section is comprised of three in-depth case studies comparing pollution prevention 
strategies with end-of-pipe controls in the refining and chemical manufacturing industries. The 
first case study is about sulfur recovery at refineries, the second is about reducing fugitive 
emissions, and the third is about reducing NO emissions from process heaters. Each case study x 
contains qualitative questions for discussion that non-technically trained individuals should be 
able to answer, quantitative questions illustrating the basic engineering principles of pollution 
prevention, and open-ended questions, or questions that have more than a single solution. The 
reader should remember that while every attempt has been made to incorporate realistic data into 
the modules, their purpose is to instill in students an understanding of the various elements of 
pollution prevention programs. They are not intended as endorsements of specific processes or 
products. Also, project requirements, economics, and emissions can vary significantly from one 
site to another. 
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MODULE ONE: SULFUR RECOVERY AT REFINERIES 
All fossil fuels, including crude oil, contain organic sulfur compounds. When the fuels 
are burned, sulfur oxides, or SOx, are emitted. Sulfur dioxide is one of the five criteria air 
pollutants regulated under the Clean Air Act. Sulfur oxides can directly cause respiratory 
problems, but emissions of these compounds are a concern primarily because they dissolve in 
water droplets in the atmosphere, fonning acids. Over time, acid precipitation and acid 
deposition can increase the acidity of natural bodies of water and change local ecosystems, and 
can cause damage to forests as well. 
In this case study, the impact of process selection on waste generation is examined, 
focusing on the fate of sulfur around the Fluid Catalytic Cracking Unit (FCCU) in a refinery. 
Figure M1-1 is a simplified refinery flow sheet showing the feed stream for an FCCU. Crude 
oil is distilled first at atmospheric pressure, producing atmospheric distillate products: naphtha, 
which is further refined to gasoline; kerosine, which is further refined to become jet fuel; and 
diesel or No.2 fuel oil for home heating. The bottoms from atmospheric distillation are further 
distilled under vacuum to produce vacuum distillate. This distillate is a heavy oil, too heavy to 
be blended directly into "premium" products. It can be fed to an FCCU where the large 
hydrocarbon molecules, containing 20 to 40 carbon atoms, are "cracked" or broken into smaller 
molecules with less than 12 carbon atoms that can be blended into gasoline. 
The catalyst in an FCCU becomes deactivated very rapidly during contact with the oil 
feed. This is primarily because coke, a highly dehydrogenated hydrocarbon, is formed on the 
surface of the catalyst. To maintain the activity of the FCCU catalyst, it is continually circulated 
in a fluidized state between the riser, where the cracking reactions take place, and a regenerator. 
In the regenerator, air is contacted with the hot catalyst, burning the coke off of the catalyst. 
This produces a flue gas stream as shown in Figure M1-1. Because crude oil and all the products 
distilled from crude oil, including the vacuum distillate fed to the FCCU, contain organic sulfur 
compounds, the coke formed on the FeeU catalyst contains sulfur. When the coke is burned 
in the regenerator, the sulfur in the coke forms sulfur oxides. 
In conventional FeeUs, a small amount of the fuel-bound sulfur in the feed is converted 
to H2S in the riser. Therefore, sulfur in the feed can be either converted to H2S in the riser, 
converted to S02 in the regenerator, or incorporated into the products leaving the FCeU (eg. in 
gasoline). If the sulfur remains in the products, SOx emissions occur when the products are used 
as fuel. The Clean Air Act Amendments of 1990 have specified low levels of sulfur in gasoline 
because of this. If the sulfur is converted to H2S in the riser, it can be fed to a Claus plant for 
sulfur recovery and the production of saleable sulfur. The balance between H2S formation, S02 
formation, and the sulfur remaining in the products depends on the catalyst used in the cracker. 
New catalysts have been developed that favor the formation of H2S in the riser. 
Refinery 802emissions from the nation's largest 122 emitters total 420,000 tons per year 
and comprise approximately 3% of the nation's total 502 emissions, according to the National 
Air Data Branch of the United States Environmental Protection Agency's Office of Air Quality 
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Figure Ml-l.	 A simplified flow diagram of a refinery, showing the source of the feed stream to 
the fluid catalytic cracking unit. 
Planning and Standards (EPA, 1994a). Sulfur dioxide emissions from refineries are given by 
EPA region in Table Ml-l. In Table MI-2, the SOx emission profiles for two large refineries 
in California are given. This table shows that refineries emit SOx from a number of processes, 
but the primary sources are process heaters and boilers, where fossil fuels are burned, and­
FCCDs. The data also illustrate the fact that SOx emissions can vary dramatically from refinery 
to refinery, depending on the type of crude oil refined and the methods of s~lfur removal that 
are employed. 
In Part I of this module, two options for reducing SOx emissions in the flue gas of a 
FCeD catalyst regenerator are considered. In Part II, management strategies for the tail gas from 
the Claus plant at a refinery with a hydrotreater are compared. 
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Table Ml-l.	 Refinery emissions of S02 by EPA region (EPA, 1994b). 
EPA Region Number of Refineries S02 Emissions, tons/yr 
1 1 -
2 67 4700 
3 55 8600 
4 36 15,000 
5 143 130,000 
6 249 170,000 
7 28 22,000 
8 88 41,000 
9 207 22,000 
10 10 11,000 
TOTAL 884 420,000 
PART I:	 END-OF-PIPE SOx CONTROL COMPARED TO SULFUR 
RECOVERY THROUGH HYDROTREATMENT 
In various parts of the United States, air regulations require refiners to install equipment 
to reduce the SOx emitted from their FCCDs. There are a number of approaches to such 
reduction. Two approaches are considered in this part of this module: the addition of flue gas 
scrubbing equipment, an end-of-pipe control, and the removal of sulfur from the FCCD feed by 
installing a hydrotreater. 
Figure MI-2 depicts the addition of a flue gas scrubbing process to the refinery of Figure 
Ml-l. With this process, the basic FCCD remains unchanged. The scrubber removes sax from 
the flue gas before it is emitted to the atmosphere. However, the scrubber generates either a 
solid, slurry, or aqueous by-product or waste stream that must be managed. 
Hydrotreating is the largest volume secondary processing step used in petroleum refining. 
It is used on all boiling ranges of hydrocarbons from naphtha through heavy boiling vacuum 
distillates such as FCCU feed, and is sometimes even applied to residual oils. Whatever the feed, 
the process is the same: organic sulfur compounds in the oil are reacted with hydrogen in the 
presence of a catalyst at elevated temperatures and pressures to convert the organic sulfur to 
hydrogen sulfide. The hydrogen sulfide is then removed from the process and safely converted 
to elemental sulfur in a Claus sulfur recovery unit. The elemental sulfur is a salable byproduct 
of petroleum refining. 
Figure MI-3 shows that adding a hydrotreater to the feed for an FCCD is a much more 
extensive project than adding a flue gas scrubber. The main addition to the refinery is the 
hydrotreater process, but because the hydrotreater consumes a large quantity of hydrogen, many 
Table MI-2. SOx emissions by process type for two large refineries (CARB, 1994). 
Process Type 
Refinery #1 Refinery #2 
# of 
Units 
0 
4 
10 
3 
0 
1 
0 
34 
1 
1 
2 
1 
57 
SOx Emissions, 
tons/yr 
-
11 
93 
62 
-
0.1 
-
350 
1700 
31 
0.2 
3.9 
2300 
# of 
Units 
5 
0 
8 
3 
1 
0 
2 
48 
1 
1 
4 
0 
73 
SOx Emissions, 
tons/yr 
1.5 
-
95 
81 
15 
-
1.5 
400 
1.4 
0.1 
0.4 
-
600 
Industrial external combustion boiler: 
No.6 residual oil-frred 
No. 1 and No. 2 distillate oil-fired 
Process gas-frred 
Modified Claus plant (for sulfur recovery) 
Fugitive emissions from inorganic chemical manufacturing 
Process heaters: 
Oil-fired 
Natural gas-fired 
Process gas-fired 
Fluid catalytic cracking unit 
Blowdown system vapor recovery/flare 
Process gas flares 
Fluid coking. 
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Figure MI-2.	 Simplified flow diagram showing addition of flue gas scrubber to"remove SOx 
from fluid catalytic cracking unit flue gas. 
refineries would also need to add a hydrogen plant to support the hydrotreater. Hydrogen 
production requires a substantial amount of energy and thus has substantial air emissions of its 
own. The hydrogen sulfide generated in the hydrotreater will likely require installation of more 
sulfur recovery capacity in the refinery as well, as a large hydrotreater can produce 200 to 300 
tons per day of sulfur. Also, Claus units generate their own air emissions, which must be 
managed. 
The feed hydrotreater, even though it requires a much larger capital investment than a 
scrubber, can produce a substantial return on investment for the refiner. Although the primary 
reason for adding the hydrotreater may be to remove sulfur from the feed, hydrotreating produces 
a number of effects. One is that the quality of the feed, in teImS of the product yields from the 
FCCD, is substantially enhanced by hydrotreating. Therefore, the value of the products from the 
FCCD are much higher when processing hydratreated feed. This is due mainly to the higher 
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Figure Ml-3.	 Simplified flow diagram showing the addition of a hydrotreater to prevent SOx 
emissions from the fluid catalytic cracking unit. 
yield of gasoline, but can be compounded by allowing the refinery to process lower quality, less 
expensive crude oil while maintaining or increasing production of premium products. 
The approximate costs and revenues for FCCD feed hydrotreaters and flue gas scrubbers­
are given in Table Ml-3. Besides being approximate, the numbers in this table are not generally 
applicable to all refineries. Equipment needs and unit yields are specific to each refinery, crude 
slate, and product market. For example, a refinery with the hardware to -fully utilize the 
hydrotreater, as well as a product market that favors high octane gasoline, will get more benefit 
from addition of a hydrotreater than a refinery without these conditions. 
The costs and revenues in this table were generated assuming that the FCCD feed 
hydrotreater treats all the feed for a 40,000 barrel per day FCCD (a unit of moderate size). 
Various cases are included to show the sensitivity of the results to the crude charge. Case I is 
Table Ml-3. Economics of adding a SOx scrubber vs. a 40,000 barrel per day hydrotreater to reduce FCCD SOx 
emissions at a hypothetical refinery (Mobil, 1992). 
Parameter 
I II - Low Nitrogen Crude Hydrotreater III - High Nitrogen Crude Hydrotreater 
SOx 
Scrubber 
Crude a: Low Crude b: High 
Sulfur and Metals Sulfur and Metals 
100 125 
10 50 
3 3 
4 4 
3 3 
0 40 
15 25 
900 900 
Crude a: Low Crude b: High 
Sulfur and Metals Sulfur and Metals 
200 225 
35 75 
21 21 
11 11 
3 3 
0 40 
30 40 
1500 1500 
Capital, MM$a 
Net annual revenue, MM$ 
Improved FCCU yields, MM$ 
Octane increase, MM$ 
Residual upgrading, MM$ 
Reduced crude cost, MM$ 
Hydrogen requirements, MMSCFDb 
Operating pressure, psig 
20 
-2 
aMM$: million dollars.
 
bMMSCFD: millions of standard cubic feet per day.
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for installation of flue gas scrubbing treatment, and cases II and III are for addition of a 
hydrotreater for low and high nitrogen crude slates, respectively. Cases Ila and IlIa are for low 
sulfur, low metals crude, and cases lIb and Illb are for high sulfur, high metals crude. Note that 
the revenue from adding a hydrotreater tends to increase as nitrogen, sulfur, and metals content 
in the crude increase. However, hydrogen requirements and operating pressure also increase. 
Another benefit of hydrotreating the feed to the FCCD, and one that has become more 
important with the provisions of the Clean Air Act Amendments of 1990, is that the finished 
products made by the refinery will have much less sulfur when the FCCD processes hydrotreated 
feed. This is because removing sulfur from the feed reduces the sulfur not only in the FCCD 
coke, but in all the FCCD products. When consumers burn fuels, such as gasoline, that are 
produced in an FCCU, all the sulfur contained in the fuels is converted into SOx. Therefore, 
pollution from the product end-user is reduced when the feed to the FCCD is hydrotreated. 
There are drawbacks to the use of hydrotreaters. Plant safety is a concern because of the 
hydrogen requirements and the high operating pressures. Also, installation of a hydrotreater 
requires more time than installation of a scrubber and faces greater regulatory pennitting hurdles. 
QUESTIONS FOR DISCUSSION 
1) Is it clear which option for arriving at lower SOx emISSIons (flue gas scrubbing or 
hydrotreating the FCCD feed) is of greater benefit to the environment? 
2) Would the economic returns of adding a hydrotreater shown in Table MI-3 occur in every 
refinery? 
3) Which option would be favored if a refinery was required by regulations to reduce SOx 
emissions within one year? 
4) Where in the waste management hierarchy does installation of a scrubber fall? Where 
does addition of a hydrotreater fall? 
PROBLEM STATEMENT 
1)	 Prepare a pie chart for each of the refineries in Table MI-2 that depicts SOx emissions 
by process type. Compare the distribution of SOx emissions from the two refineries and 
postulate some of the reasons behind the differences in the profiles. 
2)	 Using the data for Refinery #1 in Table MI-2, rank the processes (first column) by SOx 
emissions per individual unit. If the costs per unit of reducing SOx emissions by a given 
fraction were roughly the same for all types of processes, which units would be the first 
to target for SOx reduction? Which would be the last to target? 
3)	 If 12% of the sulfur in the FCCD feed for the refinery with no hydrotreater from Table 
Ml-2 is deposited in the coke laydown on the catalyst (Lane and Latimer, 1992), and a 
hydrotreater would remove 90% of the organic sulfur from the feed to the FCCD, find 
the reduction in SOx emissions in tons per year to be achieved from addition of a 
hydrotreater. Neglect H2S emissions from the riser. A flow diagram of sulfur for a 
hydrotreater and FCCD is given below. 
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sulfur oxide emissions from 
recovered sulfur catalyst regeneration 
organic sulfur "'-____ reduced quantity of "'-__---' organic sulfur 
in the feed organic sulfur in products 
Provide separate estimates for reductions from both the FCCD and from the combustion 
of the fuel products from the FCCD during end-use. Assume that during combustion, all 
of the organic sulfurs are converted to SOx. 
4)	 If the scrubber and all four hydrotreaters from Table Ml-3 are assumed to have the same 
expected lifetime, it is appropriate to calculate the net present worth of all the options for 
economic comparison. The present worth of an option is the present worth of the revenue 
it generates less its capital cost. Calculate the net present worth of all five options if the 
effective annual interest rate is 8% and the effective annual inflation rate is 3%. Assume 
an equipment life of 30 years. The present worth (P) of a uniform annual amount (A) is 
equal to 
where n is the number of periods and i is the effective interest rate. The effective interest 
rate can be corrected for inflation using the formula 
i' = i +e +ie, 
where e is the constant inflation rate and i' is the effective interest corrected for inflation. 
OPEN-ENDED PROBLEM STATEMENT 
Suppose that you are charged with recommending either a scrubber or a hydrotreater to 
reduce SOx emissions from the hypothetical refinery of Table Ml-3. This refinery has the option 
to process any of the four crude oil types in the table, so your recommendation may include a 
recommended crude slate. Justify your recommendation, and include considerations of future 
liabilities. Rank the options based on weighted evaluations of the criteria on which you have 
based your decision. Assume that SOx releases for the high sulfur crude slates are the same as 
the releases from the refinery in Problem Statement 3), and that emissions for the low sulfur 
crude slates are half the values obtained in Problem Statement 3). 
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PART II:	 COMPARING CLAUS PLANT TAIL GAS MANAGEMENT 
STRATEGIES 
As described in Part I of this module, Claus plants are used in the petroleum refining 
industry to convert hydrogen sulfide, which originates in the hydroprocessing of crude oil, to 
salable elemental sulfur. The Claus plant itself generates a tail gas whose composition is given 
in Table Ml-4. Roughly 2.5% of the sulfur that enters the Claus plant escapes in the tail gas 
(Allen et al, 1990), and these residual sulfur compounds must be removed before the gas is 
discharged to the atmosphere. 
Table MI-4. Typical composition of Claus plant tail gas (Allen et aI, 1990). 
Compound % by Volume 
H2S 0.85 
S02 0.42 
Sg 0.05 
COS 0.05 
CS2 0.04 
CO 0.22 
CO2 2.37 
H2 1.60 
H2O 33.10 
N2 61.30 
Several processes are available for managing the tail gas from Claus plants. In this part 
of this module, two such processes are compared: the Beavon Sulfur Removal Process (BSRP) 
and the Shell Claus Off-Gas Treatment (SCOT) process. Simplified flow diagrams for the two 
processes are given in Figures Ml-4 and Ml-5. Both processes begin by hydrogenating the 
Claus tail gas so that all of the sulfur is in the form of H2S. In this acidic state, the sulfur can 
be readily separated from the air stream by contacting it with a basic absorbing solution, and it 
is here that the two processes differ. In the SCOT process, the H2S is absorbed into a solution 
containing an amine such as diethanolamine. Then, in an amine regenerator, the H2S is released 
and recycled back to the Claus plant. In the BSRP, the hydrogen sulfide is separated from the 
air stream by contacting it with an alkaline solution containing vanadium. This solution is called 
Stretford solution. Air passed through this solution converts the H2S to elemental sulfur using 
vanadium as a catalyst. In both processes, the absorbing solution becomes contaminated and a 
purge stream is required to maintain its effect. 
Although their function is the same, there are significant differences between the two 
processes. In particular, the sulfur generated by the BSRP is contaminated with vanadium, and 
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would in general require purification before sale. If the sulfur is a waste, it would be classified 
as a hazardous waste in some areas of the country because of its vanadium content. On the other ­
hand, the SCOT process requires the use of an amine absorption solution that is considerably 
more expensive than Stretford solution. It also requires that the Claus plant have sufficient 
capacity to recycle the hydrogen sulfide that is generated. A summary of the waste streams 
generated by the SCOT process and the BSRP is given in Table MI-5. Economic characteristics 
for the two processes are given in Table MI-6. In this part of this module, you are asked to 
examine some of the criteria on which the process selection could be made. 
Table MI-5. Wastes generated by the SCOT process and by BSRP. Quantities 
given are per tons of sulfur recovered by the units (Allen et aI, 
1990). 
SCOT Process BSRP 
spent hydrogenation catalyst 
(4.8 lb of catalyst waste/ton of sulfur) 
spent amine solution 
(27 lb of spent solution/ton of sulfur) 
off-gas from absorber 
spent hydrogenation catalyst 
(4.8 lb of catalyst/ton of sulfur) 
spent Stretford solution 
(1400 lb spent solution/ton of sulfur) 
off-gas from absorber 
(minor) 
sulfur contaminated with vanadium 
(1 ton/ton of sulfur) 
QUESTIONS FOR DISCUSSION
 
1) Is it obvious which tail gas management strategy is the best choice? 
2) Compare the two processes based on waste generation characteristics. How might the 
environmental and health impacts of the very different waste streams from the two 
processes be compared? 
3) Where do these processes fall in the waste management hierarchy? Note that your answer 
to this question depends on whether you regard the process as the tail gas management 
plant, the Claus plant coupled with the tail gas management plant, or the entire refinery. 
PROBLEM STATEMENT 
1)	 To detennine which is economically superior, calculate the net present worth of the SCOT 
process and the BSRP described in Tables Ml-5 and MI-6. The tail gas from a Claus 
plant that produces 100 tons per day of sulfur contains approximately 2 tons per day of 
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Table Ml-6.	 Capital costs, waste disposal costs, and utility and chemical 
requirements for two Claus plant tail gas management strategies 
used to handle tail gas from a Claus plant that produces 100 
tons/day of sulfur, excluding recycle from SCOT process. 
Cost Factor SCOT Process BSRP 
Capital costs, $ 
Utilities and chemicals, $/yea~ 
electricity, kW·hr/day 
steam, lb/day 
fuel gas, MMBtu/day 
chemicals, gal/day 
Waste disposal costsb 
2.9x106 ,a,c - 4.0x106 
2800 
80,000 
53 
8 
$0.10/lb amine solution 
4.9x106 ,a 
O.16xlO6 
$O.20/lb Stretford solution 
$O.06/lb Stretford sulfur 
a Allen et aI, 1990. 
b WSPA, 1993. 
c This value does not reflect the additional (about 2%) capacity required in 
the Claus plant when the SCOT process is used. 
sulfur. Assume there are 352 operating days per year and that the expected equipment 
lifetime is 30 years. Perform your calculations using effective annual interest rates of 5%, 
10%, and 15% and neglect inflation. First, consider only capital, utility, and chemical 
costs. This is what might be done at a facility whose waste disposal costs are charged 
to overhead. Next, perform the calculations including waste disposal costs and the 
revenue from the sale of sulfur from the SCOT process. Compare the results from the 
two sets of calculations. For the SCOT process use the high value ($4.0xl06) for capital 
cost. The SCOT process returns almost 100% of the sulfur to the Claus plant and sulfur 
is valued at $100/ton. Use values for electricity, steam, fuel gas, and the SCOT amine 
solution of $0.050/kW· hr, $4.70/1000 lb steam, $3.30/MMBtu, and $7.60/gallon, 
respectively. The net present worth of a project is equal to the present worth of the 
revenue it generates, less the present worth of the operating costs, less capital costs. The 
present worth (P) of a uniform annual series (A) is given by 
where i is the effective annual interest rate. 
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OPEN-ENDED PROBLEM STATEMENT 
Suppose that you work for a refinery that manages their Claus plant tail gas with the 
BSRP. The Claus plant produces 100 tons per day of sulfur. Someone has suggested that the 
refinery will benefit economically if the BSRP is replaced with a SCOT process. Another 
suggestion has been to lease a process that would regenerate the Stretford solution and reduce 
the purge by 20% for a savings of $20,000 per year in waste disposal and raw material costs. 
The regeneration process uses sulfuric acid and generates sulfur dioxide as well as a small 
quantity of Glauber salts, which are sometimes classified as a hazardous waste. Develop a 
recommendation for one of these processes over the other. As in Part I of this module, rank the 
two options based on weighted evaluations of the criteria on which you have based your decision. 
REFERENCES 
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Facility," March 1994. 
Lane, P. A. and J. A. Latimer, "Controlling FCC SOx Emissions with DESOX: Effective 
Perfonnance in Partial Combustion," in Advanced Fluid Catalytic Cracking Technology, AIChE 
Symposium Series, 88:291, New York, 1992. 
Mobil Oil Corp., personal communication, Paulsboro, NJ, 1992. 
United States Environmental Protection Agency (EPA), AIRS Graphics, "United States Facilities 
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MODULE TWO:
 
FUGITIVE EMISSIONS IN ORGANIC CHEMICAL MANUFACTURING
 
AND PETROLEUM REFINING
 
Because a knowledge of typical fugitive emission profiles leads to a better understanding 
of the application of options for reducing such emissions, profiles of the component population 
and fugitive emissions for a typical synthetic organic chemical manufacturing industry (SOCMI) 
facility and a refinery of moderate capacity are given in this module. Then, a discussion of the 
variation in fugitive emissions among industries, including some that produce hazardous 
chemicals, is presented. Also, an emission reduction program at two SOCMI facilities is 
described. 
The component breakdown for a typical SOCMI processing unit is depicted in Figure M2­
1. The values used to create this figure are weighted averages of three model SOCMI units used 
to make industry-wide estimates of fugitive emissions (US EPA, 1982). Figure M2-1 includes 
a breakdown of fugitive hydrocarbon emissions by component type, as determined from the 
average SOCMI fugitive emission factors of Table 1-3 in this handbook. It can be seen that the 
contribution to fugitive emissions made by valves is roughly equivalent to their component 
contribution, and that pressure relief valves are the single largest contributor to SOCMI fugitive 
emissions, closely followed by flanges and other connectors. 
Figure M2-2 shows the distribution of emissions and the distribution of equipment for a 
refinery of moderate capacity. Although connectors (mostly flanges) account for three quarters 
of the components, they emit less than 6% of the fugitive hydrocarbons. Valves, on the other 
hand, are a fifth of the component population and release three fourths of the fugitive 
hydrocarbons. This is in contrast to the profile for a SOCMI facility, where pressure relief valves 
are the single largest contributor to fugitive emissions. The component breakdown for refineries 
differs from that of a typical SOCMI facility mainly in that there are proportionally more valves 
and fewer flanges. Also, there are usually more process components in a refinery than in a 
chemical processing facility. 
If average emission factors are used to estimate fugitive emissions from a typical SOCMI 
unit, they amount to 500 to 1500 g/Mg of product (Berglund and Hansen, 1990). However, the 
operators of plants handling chemicals that are toxic, explosive, or otherwise hazardous feel that 
these factors do not adequately describe fugitive emissions from their facilities. In addition to 
predicting incorrect emission quantities for these facilities, average SOCMI fugitive emission 
factors do not always accurately indicate the equipment type responsible for most fugitive 
emissions. The factors were developed with the intent that they be a realistic gauge of aggregate 
hydrocarbon emissions, but there are large differences in process operating conditions and 
procedures between different chemical manufacturing plants. 
Hydrocarbon concentrations adjacent to equipment were measured in a study that included 
two acrolein plants, thirteen 1,3-butadiene plants, 12 ethylene oxide plants, and 13 phosgene 
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plants (Berglund and Hansen, 1990). Figure M2-3 shows the distribution of screening 
measurement values by industry for the facilities in the study. Fugitive emissions as a fraction 
of total production and the percentage of emissions contributed by components with screening 
values greater than 10,000 ppm are given in Table M2-1. Of the four industries, the 1,3­
butadiene industry has the highest emissions and most resembles the facilities from which the 
average emission factors were developed. Table M2-1 and Figure M2-3 show that the phosgene 
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Figure M2-3.	 Hydrocarbon concentrations adjacent to equipment in four synthetic organic 
chemical manufacturing industries. 
and acrolein industries have achieved outstanding fugitive emISSIon control. In fact, no 
components were found to have a screening value greater than 1000 ppm in the phosgene plants 
and only a small portion of components in the acrolein manufacturing facilities had screening 
values above this level. 
When an examination was made to determine the reasons for the excellent performance 
in the acrolein and phosgene industries, it was discovered that the operators of these facilities are 
intolerant of leaks at a level far below the 10,000 ppm regulatory definition of leaking equipment. 
The staff are trained to be sensitive to leaks and to actively watch for them. Leaks are promptly 
repaired, even if unit shutdown is required. Procedures designed to minimize fugitive emissions 
are followed: 1) units are designed for rapid startup and shutdown, 2) units are designed to 
contain a minimum number of components (the phosgene and acrolein facilities ~verage 2000 
components per unit, half as much as a typical SOCMI facility), 3) equipment vendors are 
evaluated and equipment is tested for leaks before and during installation, and 4) use of leakless 
technology is used sparingly but is focused on critical areas. The operators in these industries 
were able to apply years of experience to the reduction of fugitive emissions because they kept 
careful records about which manufacturers made reliable equipment, what were the best 
installation and test strategies, which areas of the unit required the most attention, and what might 
signal that a component is near failure. Low emissions are achieved not through the use of 
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Table M2-1.	 Emission estimates for four SOCMI process units (Berglund and 
Hansen, 1990). 
Process Unit 
Typical Process 
1,3-Butadiene 
Ethylene Oxide 
Acrolein 
Phosgene 
Fugitive Emissions as a Percentage of Emissions 
Fraction of Total Attributable to Components with 
Production, g{Mg* Screening Values <10,000 ppm 
500-1500 
450 60 
35 70 
0.5 90 
0.1 100 
lie Estimated using EPA provided correlation curves, except for the typical process 
unit, which was estimated using average emission factors. 
expensive leakless technology, but through careful application and maintenance of conventional 
technology. These industries serve as a role model for facility operators who wish to achieve 
low fugitive emission rates. 
The findings of a fugitive emission reduction study at two ethylene oxide facilities are 
applicable to many chemical process units. This project encompassed both episodic emissions, 
where an event such as equipment failure results in a sudden large release, and low level leaks 
from process equipment (Berglund et aI., 1990). Some of the reduction techniques discussed here 
apply to episodic emissions only, and some to low level equipment leaks only. However, many 
of the techniques for reducing low level equipment leaks also result in fewer episodic emissions. 
Techniques followed in the program to reduce episodic emissions can be divided, as 
described in Section 2 of this handbook, into two groups: work practice changes and equipment 
modification. The history of episodic emissions at the ethylene oxide facilities showed that a 
large percentage of episodes occurred during startup and shutdown, so it was suggested that more 
personnel be on hand during these critical times to reduce the number of spills and leaks and to 
quicken response time. It was decided that some equipment modification was necessary as well, 
because records showed that some valve types had high failure rates or were difficult to close 
properly, indicating that they required replacement with a more suitable valve type. Also, single 
seal pumps were often sources of episodic emissions. 
Among the techniques instituted in the study for reducing both low "level leaks and 
episodic emissions was routine monitoring for leaks, which reduces episodic emissions because 
total seal failure usually does not occur suddenly. Improved gasketing techniques were followed 
and the overall number of components was reduced to lessen the frequency of episodic emissions 
as well as the quantity of low level equipment leaks. It was discovered that low level equipment 
leaks were caused by the use of improper gasketing material, by casting flaws in the valves, by 
corroded parts, and by improper piping design that was putting the pipes and equipment under 
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mechanical stress. To remedy this, faulty valves were replaced with high quality conventional 
technology valves and improperly gasketed flanges were regasketed. As part of the program, new­
installations were tested for leaks before startup. Also, a monitoring program was instituted that 
included not only leak detection and repair, but record keeping of reduction progress, valve 
suppliers, installation and test strategies, areas of the unit requiring attention, and indicators of 
component failure as well. 
Progress in reducing low level equipment leaks at one of the ethylene oxide plants in the 
study is given in Figure M2-4 for the two sections of the plant: the reaction section, where 
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Figure M2-4.	 Fraction of valves and flanges with no detectable emissions in the two sections of 
an ethylene oxide plant before and after a fugitive emission reduction program 
(Berglund et aI, 1990). 
ethylene oxide concentrations are generally low, and the refining section, where concentrations 
are high. This figure shows the percentage of flanges and valves with screening values at or 
below background levels for the reaction and refining sections before and after the reduction 
program. The most dramatic reductions in low level equipment leaks occurred in the reaction 
section, where ethylene oxide concentrations were relatively low and equipment changes were 
not made. Equipment changes in the refining section were intended to eliminate episodic 
emissions, but resulted in reduced low level equipment leaks as well. 
This project cost $1.5 million over two years, with the spending broken down as follows: 
15% for the screening and bagging of equipment, 55% for materials, and 30% for the labor costs 
of inspection, installation, and testing. No shutdown costs were incurred because replacement 
and repair of equipment was done during the annual turnaround periods. As is often the case, 
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the most cost effective control methods were those involving procedures instead of equipment. 
QUESTIONS FOR DISCUSSION 
1) Why is it difficult to estimate fugitive emissions accurately? Why is it important that 
they be measured accurately? 
2) What are the incentives for developing facility-specific correlation curves for estimating 
fugitive emissions? What are the disincentives? 
3) How would the cost of reducing fugitive emissions behave as emissions approached zero? 
How would the quantity of fugitive emissions behave as the costs of reducing them 
approached zero? 
PROBLEM STATEMENT 
1)	 Component, and therefore emission, profiles vary somewhat within the different segments 
of a refinery. Illustrate this by comparing the fugitive emissions from the cracking unit 
and the hydrogen plant at a moderately sized petroleum refinery. Table M2-2 shows the 
types of equipment found in the two units. Use the average fugitive emission factors for 
refineries from Table 1-3 to detennine the distribution of fugitive hydrocarbon emissions 
from these two units. The relationship between fugitive hydrocarbon emissions and the 
factors in this table for a single piece of equipment is given by 
where E is the hydrocarbon emission rate, mvoe is the mass fraction of volatile organic 
compounds (VOCs) plus the mass fraction of methane in the stream (up to a maximum 
of 10%) serviced by the component, and fave is the average emission factor. Assume that 
for the most part the components in both units service streams that are almost entirely 
made up of VOCs and use the SOCMI emission factor for sampling connections. Which 
component types are the most important sources of emissions in these units? 
2)	 The fugitive emissions of a highly reactive organic compound, compound A, from the 
valves at a very small synthetic organic chemical production unit must be estimated. 
Valve counts, mass fraction VOC, mass fraction of A in the VOC portion of the 
components, and screening concentrations for this unit are given in Table M2-3. Estimate 
the fugitive emissions of A from the valves in pounds per year using a) the average 
SOCMI emission factors from Table 1-3, b) the leak/no-leak emission factors from Table 
1-4, and c) the facility-specific correlations for valves developed by bagging the 
components. The facility-specific correlations are 
E(g/hr) = O.OOO33Co.86 (C>O.l) 
and 
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Table M2-2.	 Distribution of components in the cracking unit and 
hydrogen plant of a refinery of moderate capacity 
(Klee, 1991). 
Component
 
Pump Seals
 LL
 6 2 
4 0 
70 
Compressor Seals
 HCGas
 
Valves
 HC Gas
 200 
Connectors
 All
 2277 3313 
15Relief Valves
 Gas
 11 
Open Ended Lines
 All
 32 42 
24 
4410 
Sampling Taps
 All
 17 
TOTAL
 3061 
Service*
 
HL
 9 2 
Hz Gas
 
80 
427 
427 
2 
Hz Gas
 0 
LL
 196 
HL
 294 
Liquid
 15 
Equipment Count 
Cracker Hz Plant 
0 6 
*HL: heavy liquid, LL: light liquid, HC: hydrocarbon 
E (lb/hr) = 3xl0-7 (C ~ 0.1), 
where E is the hydrocarbon emission rate for a valve and C is the screening value of that 
valve in ppm. Note that the equation for estimating emissions from a component using 
average SOCMI emission factors is . 
EA = mVOCmA fave' 
where EA is the emission rate of compound A, mVQC is the mass fraction of VOC in the 
stream serviced by the component, rnA is the mass fraction of A in the VOC portion of 
the stream serviced by the component, and fave is the average emission factor. The 
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Table M2-3. Valve descriptions at a small SOCMI unit. 
Stream 
No. 
Type 
of 
Service 
Number 
of 
Valves 
Mass Fraction of VOC 
in Fluid Serviced by 
Valve (mvoc) 
Mass Fraction of A in 
VOC Portion of Fluid 
Serviced by Valve (rnA) 
Screening 
Value, ppm 
(C) 
1 gas 1 0.95 0.6 130 
2 gas 3 0.95 0.6 0 
3 LL· 1 0.95 0.6 11,000 
4 LL 1 0.95 0.6 500 
5 LL 1 0.95 0.6 75 
6 LL 1 0.95 0.6 25 
7 LL 1 0.99 0.9 10 
8 LL 1 0.99 0.9 5 
9 LL 1 0.99 0.9 1 
10 LL 8 1.000 0.999 0 
11 LL 7 0.999 0.99 0 
12 LL 4 0.99 0.9 0 
• LL: light liquid 
equation for estimating emissions from a component using leak/no leak emission factors 
is 
where EA and rnA are as before and fLINL is the appropriate leak/no leak emission factor. 
There are 352 operating days per year. How do the results vary when different estimation 
methods are used? How sensitive are the estimated totals to the value of rnA for any 
single valve? 
OPEN-ENDED PROBLEM STATEMENT 
You work at a processing plant whose fugitive emissions are approximately 500 tons/yr. 
At this facility, components are inspected annually for leaks and are defined as leaking if the 
organic concentration around them is 10,000 ppm or greater. Components found to be leaking 
are repaired following inspection. You have proposed that your facility institute a more 
aggressive leak detection and repair program to reduce fugitive emissions, saying that your 
company can reduce fugitive emissions dramatically while breaking even economically at a more 
frequent monitoring frequency and/or a lower leak rate definition. A colleague refutes this, 
saying that a leak detection and repair (LDAR) study was performed at the facility in 1984, and 
the data indicated that the economically optimum LDAR program is one that is based on annual 
inspection with a leak definition of 10,000 ppm. Your management is convinced that more 
frequent inspections and/or a lower leak rate definition would be a poor use of your facility's 
pollution prevention dollars. You, however, are aware that the regulatory costs of emitting 
reactive organic gases in your area have increased by an order of magnitude in the last decade, 
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as they have in the South Coast Air Quality Management District in California, whose 
approximate emission fees are shown in Figure M2-5. Your task is to propose an LDAR ­
program, give the projected emissions, and show why the program you suggest is economically 
optimal. Use the emission fees and product values given for 1984 and 1994 in Table M2-4. The 
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Figure M2-5.	 Historical emission fees for reactive organic gases in the South Coast Air Quality 
Management District in California (Fisher, 1994). 
density of the product at your facility is close to that of water. Assume in your analysis that the 
cost of LDAR programs has not risen significantly since the 1980's. Because the component 
profile of your facility resembles the component profile at a mid-sized refinery, you can use the 
economic and emissions data in Table M2-5 in your analysis. With no LDAR program, this 
refinery had emissions of 800 tons/yr, but even with no LDAR program approximately $20,000 
Table M2-4.	 Regulatory emission fees and product value for organic gases lost 
as fugitive emissions (Fisher, 1994). 
Cost, $/gallon 
Year 
1984 
0.70 
1994 
0.50Lost product 
Emission fees 0.20 2.60 
TOTAL 0.90 3.10 
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per year was spent on repairing and replacing leaking components. If emission reduction 
achieved through installation of leakless components costs roughly $20/lb (SOCMA, 1993), how 
do the costs of your LDAR program compare to replacement of components with leakless 
components? As part of your analysis, prepare a list of non-economic benefits that your program 
will provide. 
Table M2-5.	 LDAR costs and fugitive emissions at a mid-sized refinery 
(Amoco/EPA, 1992). 
LDAR Program 
Projected Fugitive Monitoring Leak Definition, Annualized 
Frequency ppm Cost, $1000/yr Emissions, tons/yr 
annual 10,000 92 480 
quarterly 10,000 140 290 
quarterly 500 200 88 
REFERENCES 
Amoco - U.S. EPA, "Pollution Prevention Project, Yorktown, VA: Project Summary," available 
through NTIS as PB92-228527, June, 1992. 
Berglund, R. L. and J. L. Hansen, "Fugitive Emissions: An Untapped Application for TQC," 
ASQC Quality Congress Transactions, San Francisco, CA, 1990. 
Berglund, R. L., W. J. MolIere, C. R. Ritter, and L. W. Salathe, "A Quality Program to Reduce 
Episodic and Fugitive Emissions from an Ethylene Oxide Unit," paper for presentation at the 
Summer Meeting of the American Institute of Chemical Engineers, August 19-22, 1990. 
Fisher, R., presentation at the Oil Industry Roundtable, EPA Region 9, San Francisco, CA, April 
13, 1994. 
Klee, H., Amoco Corp., personal communication, 1991. 
Synthetic Organic Chemical Manufacturers Association (SOCMA), "SOCMA Pollution 
Prevention Study," prepared by Woodward-Clyde Consultants, Project No. 90X4368, Wayne, NJ, 
January 1993. 
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MODULE THREE:
 
PREVENTION OF EMISSIONS OF NITROGEN OXIDES
 
FROM PROCESS HEATERS
 
There are six pollutants for which there are National Ambient Air Quality Standards 
(NAAQS) established through the Clean Air Act. They are referred to as criteria pollutants and 
are: 1) particulate matter less than 10 microns in diameter (PM10)' 2) sulfur dioxide (S02)' 3) 
nitrogen oxides (NOx)' 4) carbon monoxide (CO), 5) ozone (03), and 6) lead (Pb). NAAQSs are 
time-averaged concentrations that cannot be exceeded in the ambient air more than a specified 
number of times in a year. Attainment areas are those that are in compliance with the NAAQSs; 
nonattainment areas are those that are not. In nonattainment areas, permitting for a new source 
or for a major modification of an existing source requires that Lowest Achievable Emission Rate 
(LAER) technology be used. Also, any increase in emissions in a nonattainment area must be 
offset by decreases in emissions from other sources in the same region. Existing sources in 
nonattainment areas are also subject to emission control measures. Although volatile organic 
compounds (VOCs) are not on the list of criteria pollutants, facilities emitting VOCs can be 
effected by the NAAQS for ozone because of the role VOCs play in the creation of ozone in the 
lower atmosphere. The same holds true for NOx: in a region that is an attainment area for NOx 
but a nonattainment area for ozone there may be strict controls placed on NOx emissions. 
NOx emissions are primarily combustion-related and are emitted from a wide variety of 
statioIlary sources. Seven oxides of nitrogen are known to occur naturally, but only NO and N02 
are considered to be important to atmospheric pollution (EPA, 1993). These emissions are a 
large concern partly because there is a growing body of evidence that ozone formation in some 
areas of the country is NOx-limited. Where this is the case, ambient ozone concentrations would 
respond to levels of NOx emissions. NOx emissions are also of concern because, as with sulfur 
oxides, they are associated with acid precipitation and acid deposition, which over time can cause 
damage to forests and aquatic environments. Emissions of NOx from process heaters are the 
focus of this module. 
Process Heaters 
Process fluids must sometimes be heated, either to raise their temperature before 
additional processing or so that chemical reactions can occur. Generally, when desired 
temperatures are above the practical range of steam heat (9()OC to 204°C), process heaters are 
used for heating process fluids. These heaters are found mostly in the petroleum refining and 
chemical processing industries. There are approximately 3200 process heaters in use at nearly 
200 refineries in the United States (EPA, 1993). A large, integrated refinery may have as many 
as 100 process heaters, while a small refinery can have as few as four. Table M3-1 shows that 
the refining processes with the highest process heat requirements per barrel of feed are thennal 
processes such as thermal cracking and coking and hydroconversion processes such as alkylation 
and catalytic refonning. It has been estimated that in 1991 the total energy consumption for 
...l 
o 
o 
Table M3-1. Major refinery processes requiring a frred heater (EPA, 1993). 
Process Heat Feedstock 
Heaters Requirements, Temperature Outlet 
Process Process Description Used 103 Btu/bbl feed of Heater, OF 
Distillation 
Atmospheric Separates light hydrocarbons from crude in a distillation column under atmospheric preheater, 89 700 
conditions. reboiler 
Vacuum Separates heavy gas oils from atmospheric distillation bottoms under vacuum. preheater, 63 750-830 
reboiler 
Thermal Processes 
Thermal Thermal decomposition of large molecules into lighter, more valuable products. fired 700 850-1000 
Cracking reactor 
Coking Cracking reactions allowed to go to completion. Lighter products and coke produced. preheater 230 900-975 
Visebreaking Mild cracking of residuals to improve their viscosity and produce lighter gas oils. fired 145 850-950 
reactor 
Catalytic Cracking 
Fluidized Cracking of heavy petroleum products with the aid of a catalyst. preheater 100 600-885 
Hydrocracking Cracking of heavy feedstocks to produce lighter products in the presence of hydrogen preheater 195 400-850 
and a catalyst. 
Hydroprocessing 
Hydrodesul- Remove contaminating metals, sulfur, and nitrogen from the feedstock in the presence preheater 65& 390-850 
furization of hydrogen and a catalyst. 
Hydrotreating Same as hydrodesulfurization, except for lighter feedstocks. preheater 75b 600-800 
Hydroconversion 
Alkylation Combination of two hydrocarbons to produce a higher molecular weight hydrocarbon. reboiler 377c 400 
Catalytic Low-octane naphthas are converted to high-octane, aromatic naphthas in the presence preheater 270 850-1000 
Refonning of hydrogen and a catalyst. 
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process heaters at refineries was 2.3xl015 Btu (EPA, 1993). In 1985, the known process heater 
requirements in the chemical manufacturing industry were 6.8xl014 Btu (EPA, 1993). Major 
chemical industry process heater requirements are shown in Table M3-2. The data in this table 
indicate that pyrolysis furnaces used in the production of ethylene and propylene account for 
approximately half of the total process heat requirements in the chemical industry. 
Process heaters may burn gas or oil or a combination of gas and oil. Heat is transferred 
to fluids primarily by radiation and secondarily by convection. A diagram of a typical process 
heater is given in Figure M3-1. There are many process heater configurations, but most contain 
damper_..­
stack 
direction of convection 
process fluid section 
flow 
! 
radiant 
section 
firebox 
Figure M3-1. Schematic of a typical process heater. 
the elements shown in this figure: burners, a firebox where radiant heat transfer to process fluid 
in tubes occurs, and a region where hot flue gases transfer heat to the process fluid convectively. ­
There may be anywhere from one to 100 burners in a process heater (EPA, 1993). Combustion 
air can be supplied by a natural draft that occurs due to low gas density in the heater, or by a 
mechanical draft system where fans blow generally preheated air to the burners. Natural draft 
heaters are simpler, but do not allow precise control of combustion air flow. Mechanical draft 
heaters have an efficiency advantage when they use preheated combustion air. 
burners 
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Table M3-2.	 Energy requirements of major fired heater applications in the chemical industry 
in 1985 (EPA, 1993). 
Chemical Process Heater Type 
Firebox 
Temperature, 
of 
Energy 
Requirement, 
1012 Btu/yr 
0/0 of Known 
Chemical Industry 
Requirements 
Low and Medium Temperature Applications 
Benzene reformate 
extraction 
reboiler 700 65 9.9 
Styrene ethylbenzene 
dehydrogenation 
steam 
superheater 
1500-1600 32 4.9 
Vinyl chloride 
monomer 
ethylene 
dichloride 
cracking 
cracking 
furnace 
13 1.9 
p-Xylene xylene 
isomerization 
reactor fired 
preheater 
13 2.0 
Dimethyl 
terephthalate 
reaction of p­
xylene and 
methanol 
preheater, hot 
oil furnace 
480-540 11 1.7 
Butadiene butylene 
dehydrogenation 
preheater, 
reboiler 
1100 2.6 0.4 
Ethanol 
(synthetic) 
ethylene 
hydration 
preheater 750 1.3 0.2 
Acetone various hot oil 
furnace 
0.8 0.1 
High Temperature Applications 
Ethylene/ 
propylene 
thermal cracking pyrolysis 
furnace 
1900-2300 340 52 
Ammonia natural gas 
reforming 
steam 
hydrocarbon 
reformer 
1500-1600 150 23 
Methanol hydrocarbon 
reforming 
steam 
hydrocarbon 
1000-2000 26 4.0 
TOTALS 650 100 
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MECHANISMS FOR NOx FORMATION IN PROCESS HEATERS 
NO is formed during combustion through thermal fixation of atmospheric nitrogen x 
introduced in the combustion air (thermal NOx) or through oxidation of nitrogen introduced with 
the fuel (fuel NOx). There is also prompt NO, which is formed near the flame zone in a process 
heater, but this is not generally considered to be a major contributor to NOx emissions (Wood, 
1994). 
A simplified mechanism for the fonnation of thermal NO is as follows (EPA, 1993): x 
(1)N2 + ° .-NO + N 
N + O2 .-NO + O. (2) 
Reaction 1 is the rate determining step and has a high activation energy, which requires high 
temperatures. At temperatures above 2800oP, the rate of formation of NO is given by 
[NO] = k, expl-~ }N2][02](112) t, 
where brackets indicate mole fraction, k1 and k2 are constants, T is the peak flame temperature 
in K, and t is the residence time of reactants at the peak flame temperature (EPA, 1993). Note 
that the rate of thermal NOx formation increases exponentially with increasing flame temperature 
but is only weakly dependent on the concentration of oxygen. Thermal NOx can therefore be 
reduced by reducing combustion temperatures. 
Fuel NO can comprise the majority of total NO emissions when high-nitrogen fuels are x x 
burned (EPA, 1993). Typically, nitrogen in fuel is limited to liquid and solid fuels. The nitrogen 
to nitrogen bond in nitrogen molecules is much stronger than the nitrogen to carbon bonds in 
fuels containing nitrogen. During combustion, the nitrogen atoms in fuels are readily released 
and oxidized to NO, with conversion rates ranging frolll 15% to 100% (EPA, 1993). It has been 
proposed that the formation of fuel NOx from liquid fuels is a gas-phase reaction involving 
volatilized nitrogen-containing compounds. The gas-phase reactions are strongly dependent on 
stoichiometry (the air to fuel ratio), with increasing levels of excess air leading to higher rates 
of formation. The rate of formation of fuel NO is only weakly dependent on temperature, in x 
contrast to the rate of fonnation of thermal NOx• 
METHODS FOR PREVENTING NOx EMISSIONS FROM PROCESS HEATERS 
There are three general ways in which NO emissions can be prevented from process x 
heaters. These are 1) operational improvements, 2) heater modifications, and 3) heat integration. 
Many control methods, such as selective catalytic reduction, are also available. 
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Operational Improvements 
Combustion conditions markedly affect NOx and other criteria pollutant emissions. For 
example, excess air is needed for complete combustion and low hydrocarbon and carbon 
monoxide emissions. However, at stack oxygen levels up to 6%, NOx emissions increase 6% to 
9% for every 1% increase in stack oxygen levels. Above stack oxygen levels of 6%, NOx levels 
decrease, but thennal efficiency is lost. Burner adjustments also affect NOx emissions: long, 
low-intensity flames emit fewer NOx' but some heaters require the uniform heat flux from 
compact flames. 
By determining the key parameters that influence emissions and using equations that 
predict emissions based on these parameters, advanced control of combustion can be achieved. 
In addition to providing the ability to continually optimize combustion conditions as variables 
change, these systems provide an accurate estimate of emissions, and are called predictive 
emissions monitoring systems (PEMS). They allow for horizon control of combustion emissions 
instead of reactionary control, and promote energy conservation as well as prevention of criteria 
pollutant emissions. 
Heater Modifications 
Conventional process heaters were designed to maXImIze thermal efficiency while 
minimizing hydrocarbon and carbon monoxide emissions. Now, they are designed or modified 
to minimize NOx emissions as well. Heater modifications that alter the stoichiometry of 
combustion effect fuel NOx and would not apply to gas burners, unless the alteration in 
stoichiometry resulted in lower flame temperatures as well. Heater modifications for reducing 
NOx emissions include low-excess-air burners, staged combustion burners, and flue gas 
recirculation (VVood, 1994). Brief descriptions of these modifications are given in Table M3-3. 
Modifications that reduce NOx emissions but that can reduce combustion efficiency significantly 
are water/steam injection and reduced air preheat, neither of which are included in the table. 
Heat Integration 
Heat exchange network (HEN) synthesis, also called pinch analysis, can be used to 
systematically examine all of the heating and cooling requirements in a flow sheet and determine 
the extent to which streams that need to have their temperature raised can be heated by streams 
that need to be cooled. Heat transfer between streams, called heat integration, conserves fuel and 
reduces combustion-related emissions, including NOx• A simple example of the potential for heat 
integration is shown in Figure M3-2, where one stream needs to be heated from 50°C to 200°C 
and a second stream needs to be cooled from 200°C to 90°C. Both streams have the same flow 
rates and heat capacities. Instead of separately heating and cooling the two streams, the 
configuration shown in Figure M3-3 might be used. An important consideration in the design 
of an HEN is the minimum temperature difference that the heat exchangers can accommodate. 
Detailed descriptions of HEN synthesis are available in most modern textbooks of chemical 
process design (eg. Douglas, 1988). 
Table M3-3. Combustion modifications for NOx emission reduction (Wood, 1994). 
Technique 
Low Excess Air 
(LEA) 
Off-Stoichiometric 
Combustion (OS) 
a. Burners out-of­
service (BOOS) 
b. Overfire Air 
(OFA) 
c. Air Lances 
Low-NOx Burners 
(LNB) 
Hue Gas 
Recirculation 
(FGR) 
Description 
Reduces oxygen 
availability 
Staged combustion, 
creating fuel-rich and 
fuel-lean zones 
Provides internal 
staged combustion, 
thus reducing peak 
flame temperatures 
and oxygen 
availability. 
Up to 20-30% of the 
flue gas is recirculated 
and mixed with the 
combustion air, thus 
decreasing peak flame 
temperatures 
Advantages 
Easy operation 
modification 
Low operating 
cost; No capital 
equipment 
required for 
BOOS 
Low operating 
cost; Compatible 
with FGR as a 
combination 
technology to 
maximize NOx 
reduction 
High NOx 
reduction 
potential for 
natural gas and 
low-nitrogen 
fuels 
Disadvantages 
Low NOx reduction 
potential 
a. TypicalIy requires 
higher air flow to 
control carbon 
monoxide; b. 
Relatively high 
capital cost; c. 
Moderate capital cost 
Moderately high 
capital cost; 
Applicability depends 
on combustion device 
and fuels, design 
characteristics, waste 
streams, etc. 
Moderately high 
capital cost; 
Moderately high 
operating cost; 
Affects heat transfer 
and system pressures 
Impacts to Consider 
High carbon 
monoxide emissions; 
Flame length; Flame 
stability 
Harne length; 
Forced-draft fan 
capacity; Burner 
header pressure 
Forced-draft fan 
capacity; Flame 
length; Design 
compatibility; 
Turndown flame 
stability 
Forced-draft fan 
capacity; Furnace 
pressure; Burner 
pressure drop; 
Turndown flame 
stability 
NOx 
Reduction 
(from 
Applic- Garg, 
ability 1994) 
C/)All fuels 1-15% ~ 
:j(20-25%) 
~ 
~ 
All fuels; 30-60% dJ 
r­
r-Multiple (25-50%) c:: 
:jburner o 
devices ~~ 
0:0 C::rr, 
~~ 
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hot process 
stream out, 
hot process 
stream~ 
90°C200°C 
cold process 
stream out, 
cold process 
stream i~ 
50°C200°C 
Figure M3-2.	 A simple heat exchange network synthesis problem in which a hot stream needs 
to be cooled and a cold stream needs to be heated. 
hot process 
stream in. 
steam 
hot process 
stream out, 
90·C 
Figure M3-3. A heat exchange network for the hot and cold streams of Figure M3-2. 
Heat integration is limited economically and practically by the size of the exchangers that 
are required and the piping modifications that must be made. An additional constraint is found 
at refineries that fuel their process heaters with process gas: the process gas is generally a waste 
if it is not burned as fuel at the refinery. Therefore, heat integration that eliminates the need for 
heating from process gas is not desirable. 
Studies have indicated that additional heat integration at eXIstIng refineries can be 
profitable. In one study, it was estimated that an 11 % reduction in NO" emissions could be 
achieved at a profit through heat integration (Rossiter and Kumana, 1994). In another study, 
three additional heat exchangers on the crude feed were estimated to reduce the atmospheric 
distillation tower reboiler duty by 20% (API, 1993). These additional heat exchangers had a 
projected payback period of 16 months. 
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NOx EMISSION CONTROL STRATEGIES 
Control strategies are those designed to remove NO from stack gases after it is formed x 
but before it reaches ambient air. One such control strategy is selective non-catalytic reduction 
(SNCR), where NOx-reducing chemicals such as ammonia or urea are injected into the flue gas. 
In selective catalytic reduction (SCR), ammonia is mixed with flue gases that are then fed to a 
catalytic reactor where NOx is reduced to N2• High reduction of NO emissions can be achieved x 
with these controls, but ammonia, nitrous oxide, carbon monoxide, and particulate matter can be 
produced by SNCR, and ammonia and particulate matter emissions are produced by SCR, along 
with spent catalyst waste (EPA, 1993). SCR is also very expensive, and the increased complexity 
of the process leads to increased down time during which emissions are uncontrolled. 
QUESTIONS FOR DISCUSSION 
1) To what extent do permits on individual pr()cess units inhibit the use of pollution 
prevention alternatives such as heat integration or low NOx burners? 
2) If pennits require that NOx emissions fall below a certain level in units of mass per 
energy, do they provide any incentive to pursue heat integration? 
PROBLEM STATEMENT 
1)	 Emission factors for NOx are expressed in terms of pounds per unit of heat generated in 
the burner. For process heaters, these factors must be multiplied by the thermal flow rate 
of the heaters to arrive at NOx emissions, according to the equation 
Ei = fiViHHViCi, 
where E i is the NOx emissions from heater i, fi is the appropriate emission factor for that 
heater, Vi is the volumetric flow rate of the fuel, HHV is the higher heating value of the 
fuel, and Ci is the efficiency of reduction/control techniques applied to the heater. If the 
uncontrolled emission factors for NOx from natural gas-fired process heaters are 0.098 and 
0.197Ib/MMBtu for natural draft and mechanical draft heaters, respectively (EPA, 1993), 
what are the NOx emissions in pounds per year from the process heaters described in 
Table M3-4? These process heaters bum refinery fuel gas (note that the above emission 
factors were for natural gas-fired process heaters) with an HHV of 1380 Btu/SCF. The 
fuel gas contains on average nine mole % hydrogen, which results in a higher flame 
temperature and therefore higher NOx emissions than natural gas. To correct for the 
hydrogen content assume that process gas containing 50 mole % hydrogen results in NOx 
emissions that are 20% higher than when natural gas is burned (EPA, 1993), and that the 
increase in NOx emissions depends linearly on the mole % hydrogen. There are 352 
operating days per year. Efficiencies for various reduction and control techniques are 
given in Table M3-5. 
2)	 It has been suggested that a heat exchanger contacting the crude charge with hot heavy 
vacuum gas oil (HVGO) be added to the crude preheat train at a refinery so that the 
atmospheric distillation column reboiler duty may be reduced. Because of space 
108 POLLUTION PREVENTION FOR CHEMICAL PROCESSES: 
A HANDBOOK WITH SOL VED PROBLEMS FROM THE REFINING AND CHEMICAL PROCESSING INDUSTRIES 
Table M3-4.	 Process heater profile at a petroleum refinery. 
Heater 
No. 
Heater Rating, 
MMBtu/hra 
Actual Fuel Flow 
Rate, MSCF/db 
Control/Reduction 
Technology 
Draft 
TypeC 
1 457 5400 LNB ND 
2 161 2100 LNB ND 
3 108 1200 LNB ND 
4 17.2 120 none ND 
5 17.2 130 none ND 
6 21.1 190 none ND 
7 21.1 170 none ND 
8 129 570 LNB MD 
9 73 860 LNB MD 
10 527 4400 none ND 
11 39.6 530 none ND 
12 64 250 none ND 
13 288 2400 LNB ND 
14 220 2000 LNB ND 
15 91 1200 LNB ND 
16 91 990 none ND 
17 12 170 none ND 
a MMBtu: million Btu. 
b MSCF: thousand standard cubic feet. 
C ND: natural draft; MD: mechanical draft. 
Table M3-5.	 Reduction efficiencies for NOx reduction and control techniques 
applied to refinery fuel gas-fired process heaters (EPA, 1993). 
Technique 
Control Efficiency 
(controlled emissions ..;­
uncontrolled emissions) 
Low NOx burner (LNB) 
Ultra-low NOx burner (ULNB) 
Selective noncatalytic reduction (SNCR) 
Selective catalytic reduction (SCR) 
Low NOx burner with flue gas recirculation (LNB + FGR) 
0.5 
0.25 
0.4 
0.25 
0.45 
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limitations, the exchanger can have a heat exchange surface area of not more that 1100 
m2• Stream data are given in Table M3-6. At the given temperatures, both streams have 
a specific heat capacity of approximately 1.9 J/gfC. The proposed heat exchanger has 
an overall heat transfer coefficient of U = 230 W/m 2rC and a temperature correction 
factor (necessary because the exchanger is not a counter flow double-pipe arrangement) 
Table M3-6. Data for heat exchange streams. 
Property Crude Charge (cold stream) HVGO (hot stream) 
Inlet temperature, OF 
Flow rate, barrels/day 
Density, g/cm3 
152 
175,000 
0.85 
332 
26,000 
0.95 
of F = 0.85. Find the outlet temperatures of the two streams when the largest possible 
heat exchanger is installed. Remember that heat transfer is equal to 
q = UAFLlTln , 
where A is heat exchange surface area and ~Tin is the log mean temperature difference 
for a counterflow double-pipe exchanger, given by 
(Th2 -Tc2) -(Th1 -Tcl) LlTIn = -------­In[Th2 -TC2 ) 
Th1 -Tel 
"The subscripts for the temperatures in this equation are as shown in Figure M3-4. If heat 
transfer coefficients are approximated as constants, heat transfer can also be given by 
Figure M3-4. Representative countert1ow heat exchanger for refinery In Problem 
Statement 2). 
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where Ih is mass flow rate, cp is the specific heat capacity, ~T is the outlet temperature 
less the inlet temperature, and the subscripts c and h denote the cold and hot streams, 
respectively. (NOTE: there are 2.64172x10-4 gallons per cm3 and 42 gallons in a barrel.) 
3)	 Calculate the heat flow rate in the exchanger of Problem Statement 2). If the capital costs 
of this heat exchanger are approximately $350/m2 and the cost of the fuel firing the 
reboiler is $3/MMBtu, what is the payback period for the heat exchanger? Neglect 
interest, so that payback period is equal to 
capital cost 
t = ---­
revenue 
4)	 If the reboiler is a mechanical draft natural gas-fired process heater, use the heat flow rate 
calculated in Problem Statement 3) to find the reduction in NOx emissions due to addition 
of the heat exchanger. The NOx emission factor for this type of heater is 0.197 
Ib/MMBtu. 
OPEN-ENDED PROBLEM 
Develop a strategy for reducing emISSIons from the heaters described in Problem 
Statement 1) by at least 65%. Use the approximate total annual cost data for reduction and 
control strategies that are provided in Tables M3-7 and M3-8 for a range of process heater sizes. 
Remember that each heater can have only one burner modification and one stack gas control 
simultaneously, and that the reduction efficiencies are multiplicative, not additive, when used in 
combination. Develop your proposal based only on costs and describe the effects on reliability 
and environmental impacts your choices will have. Do the costs of NOx reduction increase 
linearly with increasing reduction? 
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Table M3-7.	 Costs of reduction and control techniques for natural draft natural 
gas-fired heaters in 1991 dollars (EPA, 1993). 
Heater Rating, 
MMBtulhr Technique 
Total Annual Cost at Various 
Capacities, $/yr 
0.1 0.5 0.9 
17 LNB 9,250 9,250 9,250 
ULNB 9,940 9,940 9,940 
SNCR 24,800 25,700 26,700 
SCR* 155,000 158,000 160,000 
LNB + FGR* 40,400 40,900 41,400 
36 LNB 14,700 14,700 14,700 
ULNB 15,400 15,400 15,400 
SNCR 39,000 41,000 43,000 
SCR* 247,000 252,000 257,000 
LNB + FGR* 63,700 64,800 66,000 
77 LNB 21,200 21,200 21,200 
ULNB 21,900 21,900 21,900 
SNCR 61,900 66,100 70,400 
SCR* 399,000 410,000 420,000 
LNB + FGR* 97,600 100,000 103,000 
121 LNB 36,900 36,900 36,900 
ULNB 37,600 37,600 37,600 
SNCR 81,500 88,100 94,800 
SCR* 532,000 548,000 565,000 
LNB + FGR* 142,000 146,000 150,000 
186 LNB 55,000 55,000 55,000 
ULNB 55,700 55,700 55,700 
SNCR 106,000 116,000 126,000 
SCR* 700,000 726,000 752,000 
LNB + FGR* 195,000 201,000 207,000 
*Requires conversion to mechanical draft; annual cost figures 
include the cost of conversion. 
United States Environmental Protection Agency (EPA), "Alternative Control Techniques 
Document -- NOx Emissions from Process Heaters (Revised)," available through NTIS as PB94­
120235, September 1993. 
Wood, S. C., "Select the Right NOx Control Technology," Chern. Eng. Progress, 90 (1:32-38), 
January 1994. 
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Table M3-8.	 Costs of reduction and control techniques for mechanical draft 
natural gas-fired heaters in 1991 dollars (EPA, 1993). 
Heater Rating, 
MMBtu/hr Technique 
Total Annual Cost at Various 
Capacities, $/yr 
0.1 0.5 0.9 
40 LNB 20,700 20,700 20,700 
ULNB 21,700 21,700 21,700 
SNCR 42,000 45,500 49,100 
SCR 237,000 242,000 248,000 
LNB + FOR 37,500 38,700 40,000 
77 LNB 44,800 44,800 44,800 
ULNB 45,800 45,800 45,800 
SNCR 62,600 69,400 76,300 
SCR 358,000 369,000 380,000 
LNB + FOR 69,900 72,300 74,700 
114 LNB 80,700 80,700 80,700 
ULNB 81,700 81,700 81,700 
SNCR 79,500 89,700 99,900 
SCR 460,000 476,000 492,000 
LNB + FOR 113,000 116,000 120,000 
174 LNB 86,100 86,100 86,100 
ULNB 87,100 87,100 87,100 
SNCR 103,000 119,000 134,000 
SCR 604,000 629,000 653,000 
LNB + FOR 127,000 133,000 138,000 
263 LNB 123,000 123,000 123,000 
ULNB 124,000 124,000 124,000 
SNCR 133,000 157,000 180,000 
SCR 791,000 828,000 864,000 
LNB + FOR 177,000 185,000 193,000 
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SOLUTIONS TO MODULE PROBLEMS 
It should be noted that the following solutions to the Open-Ended Problem Statements present 
only one possible method (not necessarily the "best" method) for solving the problems as they 
are stated. Solutions could be more elaborate, or could approach the fundamentals of the 
problem in a different manner than the manner given here. In a similar vein, the ideas given here 
for the Questions for Discussion are meant to cover only the essentials of the topics they 
introduce. 
MODULE ONE, PART I 
QUESTIONS FOR DISCUSSION 
1) It is not clear whether scrubbing the flue gas or hydrotreating the feed to the FCCD is 
better for the environment. Scrubbing results in waste that must be managed, but adding 
a hydrotreater requires additional hydrogen, which requires a great deal of energy to 
make, and there are wastes associated with energy generation. Claus plants have air 
emissions, too. A hydrotreater would reduce SOx emissions from the vehicles burning the 
fuel. The environmental benefits would depend a lot on refinery characteristics, the 
product slate, and the type of crude being refined. 
2) The numbers shown in Table Ml-3 would not apply to every refinery. The representative 
refinery for which these values were generated had a specific product slate and specific 
equipment characteristics. These numbers would depend, for example, on the capacity 
of the FCCU and on the presence of auxiliary capabilities. 
3) The scrubber would be favored if a refinery was required to reduce their SOx emissions 
within one year, because it is simpler to install and start up than a hydrotreater. Also, it 
might face fewer regulatory hurdles because less equipment is required and the outcome 
is well understood. 
4) A scrubber is an end-of-pipe control, falling at the "treatment to render the waste less 
hazardous" level of the pollution prevention hierarchy. Where installation of the 
hydrotreater would fall depends on where process boundaries are drawn. If the refinery 
is considered to be the system, then addition of a hydrotreater is source reduction, at the 
top of the pollution prevention hierarchy. However, if the boundary is drawn around the 
FCCU, the hydrotreater, and the Claus plant, it looks as though a waste (sulfur in the 
vacuum distillate) is being converted to a product (elemental sulfur), which is on-site 
recycling, the third level in the pollution prevention hierarchy. If the boundaries are 
drawn around the FCCD, one waste stream (dirty flue gas from the FCeD) is converted 
to another (H2S stream from the hydrotreater), which might be considered waste 
treatment. 
PROBLEM STATEMENTS 
1) See Figure S1-1 for pie charts. The major difference in these profiles is the 1700 
tons/year of SOx emitted by the FCCD in Refinery #1. It could be that this refinery 
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Figure S1-1. SOx emission profiles for two refineries. 
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processes crude with high sulfur content and Refinery #2 processes a low sulfur crude. 
The reason for the difference could also be that Refinery #1 does not hydrotreat the Teed 
to the FCCD. 
2)	 Emissions per source is equal to emissions -=- number of units. Using the modified Claus 
plant as an example: 
62 tons/yr SO 
______x = 21 tons/yr SO per Claus plant. 
3 Claus plants x 
Values for all the equipment in Table MI-2 are given in Table SI-I. A ranking of the 
equipment from highest to lowest SOx emissions is as follows:
 
1) FCCD,
 
2) blowdown system vapor recovery/flare,
 
3) Claus plant,
 
4) process gas-fired process heaters,
 
5) process gas-fired boilers,
 
6) fluid coking,
 
7) distillate oil-fired boilers, and
 
8) oil-fired process heaters, tied with
 
8) process gas flares.
 
If each unit had the same control costs, FCCU would be the first unit to target, followed 
by blowdown flares and the Claus plants. Oil-fired process heaters and process gas flares 
would be last. 
3)	 Let x be the mass flow rate of sulfur in the vacuum distillate and S be the mass flow rate 
of sulfur in the streams. Perform a mass balance around the FCCD with no hydrotreater: 
sulfur oxide emissions from 
cauuystregeneration 
S =O.12x 
s = x - O.12x = O.88xS=x 
organic sulfur "'-____ organic sulfur 
in the feed in products 
Note that SOx emissions are directly related to the mass flow rate of sulfur in the flue gas, 
and that (from Table Ml-2) 1700 tons/yr of SOx corresponds to S=0.12x in the flue gas 
from the catalyst regenerator. Therefore, x is equal to 
E = f (0.12x) = 1700 tons/year, 
where f is the factor that relates SOx emissions to the mass flow rate of sulfur. SOx 
emissions from product end-use (eg. combustion of fuel in an automobile) when there is 
no hydrotreater are therefore 
Table 51-1. SOx emissions per unit for Refinery #1. 
Process Type 
Industrial external combustion boiler: 
No. 6 residual oil-fired 
No. 1 and No. 2 distillate oil-fired 
Process gas-fired 
Modified Claus plant (for sulfur recovery) 
Fugitive emissions from inorganic chemical manufacturing 
Process heaters: 
Oil-fired 
Natural gas-fired 
Pr()cess gas-fired 
Fluid catalytic cracking unit 
BI()wdown system vapor recovery/flare 
Process gas flares 
Fluid coking 
TOTAL 
# of SOx Emissions, 
Units tons/yr 
0 -
4 11 
10 93 
3 ~ 62 
0 -
1 0.1 
0 -
34 350 
1 1700 
1 31 
2 0.2 
1 3.9 
57 23()() 
*Average emissions per unit. 
Emissions/Unit, 
tons/yr/unit 
-
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E = 1700tons/yr (0.88x) = 12,000 tons/yr. 
O.12x 
Now perfonn a mass balance around an FCCU with a hydrotreater: 
sulfur oxide emissions from 
recovered sulfur catalyst regeneration 
S =O.12(O.lx) =O.012x 
S = O.10x - O.012x = O.088xS = O.lxS=x 
organic sulfur '--_______ reduced quantity of '--_______ organic sulfur
 
in the feed organic sulfur in products
 
SOx emissions in the flue gas in this case are 
E = 1700 tons/yr (0.012x) = 170 tons/yr, 
0.12x 
and SOx emissions at product end use are 1200 tons/yr. A summary of results is given 
in Table S1-2. 
Table S1-2. SOx emissions with and without a hydrotreater. 
Process 
SOx Emissions, tons/yr 
from FCeD from end-use Total 
No hydrotreater 
With hydrotreater 
Reduction in emissions due to hydrotreater 
1700 
170 
1500 
12,000 
1200 
11,0()0 
14,000 
1400 
13,000 
4) First calculate the effective annual interest rate adjusted for inflation: 
i' =0.08 + 0.03 + 0.08(0.03) = 0.1124. 
The present value of the operating costs for the scrubber is 
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P = -2MM$ (1.1124)3°-1 = -17MM$. 
0.1124 (1.1124)30 
Combining this with the capital costs leads to a present worth of -37 MM$. In other 
words, if the project were to be funded from an account that paid 8% interest over its 
lifetime and inflation was 3% per year, then it would be necessary to deposit 37 MM$ 
in the account at the beginning of the project. Values for the remaining projects are given 
in Table S1-3. For each crude slate, the hydrotreater option is preferable to the scrubber 
Table S1-3. Present worth for five scenarios. 
Scenario Present Worth, MM$ 
Scrubber 
Hydrotreater for crude with low nitrogen, 
sulfur, and metal 
Hydrotreater for crude with low nitrogen, 
high sulfur and metals 
Hydrotreater for crude with high nitrogen, 
low sulfur and metals 
Hydrotreater for crude with high nitrogen, 
sulfur, and metals 
-37 MM$ 
(85 - 100) MM$ = -15 MM$ 
(430 - 125) MM$ = 300 MM$ 
(300 - 200) MM$ = 100 MM$ 
(640 - 230) MM$ = 410 MM$ 
from the standpoint of present worth. The hydrotreater option is profitable when the 
crude is high in nitrogen and/or sulfur and metals. 
OPEN-ENDED PROBLEM STATEMENT 
For this solution, a set of criteria very similar t() that described in Section 3 of the 
handbook is used (criteria are a matter of personal choice): 
Environmental health 
Costs
 
Direct Costs
 
Catastrophic liabilities
 
Technical characteristics 
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Utility requirements 
Timeliness 
Mode of reduction 
Risk reduction has been changed to "environmental health" because SOx emissions are not 
so much a direct health threat as a threat to ecosystems. Remedial and product liabilities 
have been dropped because their evaluation would be difficult, and since they would be 
given low weights leaving them out will not have a big influence on results. 
Assigning weights to the criteria (again a matter of personal choice): environmental 
health is thought to be the most important of the three main criteria, followed by costs 
and technical characteristics, so the weights are 0.5, 0.25, and 0.25 for environmental 
health, costs, and technical characteristics, respectively. For the subsets of the main 
branches of the hierarchy, the criteria are given equal weights. 
Each of these criteria were evaluated as follows: 
Costs 
Direct costs: indexed to the net present worth of the 
projects 
Catastrophic liability: indexed to operating pressures 
Technical characteristics 
Utilities: indexed to hydrogen requirements 
Timeliness: indexed to the number of years required to 
be on-line 
Mode of reduction: indexed to level in the pollution prevention 
hierarchy 
Ecosystem health: indexed to SOx emissions 
Ecosystem health was determined to be the most important criterion, so the lack of 
accurate data for SOx emissions for all five options is critical. A case might be made for 
estimating the release reduction for different slates for the scrubber, but the scrubber 
release reductions are so low compared to the ()ther options that this would not alter the 
results. 
Evaluations for the criteria for all 5 options are given in Table S1-4. The evaluations in 
this table must now be converted to unitless scores from 0 to 100. Wherever possible in 
this solution, this is done linearly. To make the conversions, decisions must be made 
about what evaluation is the worst possible and would be assigned 0 points, and what 
evaluation is the best possible and would be assigned 100 points. It would not be correct 
to look at the range of evaluations given in Table S1-4 to determine the range from 0 to 
100, because in some cases teh evaluations might be very near each other, and in such 
cases they should be assigned scores that reflect this. F()r example, if three options are 
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Table S1-4. Evaluations of the decision-making criteria for all five options. 
Criteria 
Evaluations for options 
I IIa lIb IlIa IIIB 
Costs 
Direct costs, MM$ 
Cat. liability, psig 
Technical Characteristics 
Utility requirements, MMSCFD 
Timeliness, years 
Mode of reduction 
Ecosystem Health, tons/yr 
-37 
0 
0 
<1 
#5 
14,000 
-15 
900 
15 
1-2 
#1 
700 
300 
900 
25 
1-2 
#1 
1400 
100 
1500 
30 
1-2 
#1 
700 
420 
1500 
40 
1-2 
#1 
1400 
being considered, one of which costs $20, another $21, and the last $22, it would not be 
correct to assign 0 points to the $22 option and 100 points to the $20 option. Sometimes 
it is clear what the best and/or worst possible evaluations are; more often, it is a 
judgement call. 
For direct costs, let -50 MM$ correspond to 0 points, and 450 MM$ correspond to 100 
points. This provides two equations and two unknowns. Solve for the unknowns using 
the basic equation of a line where y is points and x is the evaluation: 
y = mx + b, 
o= -50m + b --7 b = 50m, 
100 = 450m + 50m --7 m = 0.2 -~ b = 10. 
Therefore 
points(direct costs) = 0.2(direct costs in MM$) + 10. 
For catastrophic liability, let 0 psig correspond to 50 points (a large reduction in 
catastrophic liability would be assigned 10() points) and 1500 psig correspond to 0 points, 
so that 
points(catastrophic liability) = -0.033(operating power in psig) + 50. 
For utility requirements, let 0 MMSCFD of hydrogen correspond to 50 points (large 
savings in utility requirements would get 100 points) and 40 MMSCFD of hydrogen 
correspond to 0 points, so that 
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points(utility requirements) = -1.25(hydrogen requirements in MMSCFD) + 50. 
For timeliness, let more than five years correspond to 0 points, one to two years be 33 
points, less than one year be 66 points, and no time be 100 points. 
For reduction mode, let the first level in the hierarchy correspond to 100 points and the 
7th level correspond to 0 points so that 
points(mode of reduction) = -16.7(level in hierarchy) + 117. 
Finally, for ecosystem health, let 0 tons/yr of SOx correspond to 100 points and 20,000 
tons/yr SOx emissions correspond to 0 points, so that 
points(ecosystem health) = -()'005(releases in tons/yr) + 100. 
The points for all the options are given in Table S1-5, along with the total score for each 
option. 
Table S1-5. Point assignments and total weighted scores for five options. 
Criteria Weights 
Point Assignments 
I IIa lIb IlIa IIIB 
Costs 
Direct costs 
Cat. liability 
Technical Characteristics 
Utility requirements 
Timeliness 
Mode of reduction 
Ecosystem Health 
TOTAL WEIGHTED POINTS 
0.25 
0.5 
0.5 
0.25 
0.33 
0.33 
0.33 
0.5 
1.00 
3 
50 
50 
66 
34 
30 
34 
7 
20 
31 
33 
100 
97 
65 
70 
20 
19 
33 
100 
93 
70 
30 
a 
13 
33 
100 
97 
64 
94 
0 
0 
33 
100 
03 
69 
As an example, total weighted points for the scrubber option (I) are calculated in this 
manner: 
TOTAL = O.25(0.5x3 + O.5x50) + 0.25(0.33x50 + 0.33x66 + 0.33x34) + 0.5x30 = 34 points. 
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The results of this analysis put all the hydrotreater options ahead of the scrubber option. 
None of the hydrotreater options are significantly preferable over the others, however. ­
The point spread is within 10%, and because of all the approximations in the evaulations, 
the method used is not capable of making distinctions that fine. 
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MODULE ONE PART II 
QUESTIONS FOR DISCUSSION
 
1) It is not obvious which tail gas management strategy is the "best." The BSRP produces 
a greater mass of waste than the SCOT process but the waste streams are not equivalent 
and would have very different environmental impacts. BSRP has higher capital costs, but 
the operating costs of the two options cannot be compared without further computation. 
2) The hydrogenation catalyst waste is identical in both processes. However, the SCOT 
process generates spent amine solution while the BSRP generates spent Stretford solution 
and vanadium-contaminated sulfur. The health impacts might be compared by converting 
emissions to human risk and/or health indices if factors for exposure to the wastes or to 
the hazardous components in the waste were available. While this would be extremely 
problematic, comparing the environmental effects of the wastes from the two processes 
would be even more difficult. 
3) If process boundaries are drawn around Claus unit, the SCOT process and the BSRP 
would be considered waste treatment. If boundaries are drawn around the entire refinery, 
the SCOT process might be defined as on-site recycling. The Claus unit itself might be 
viewed as a waste treatment step if boundaries are drawn around the units that feed it. 
PROBLEM STATEMENT
 
1) First, calculate the utility and chemical costs for the SCOT process:
 
o
electricity:	 (2800 kw hrJ($0.050J(352 dayJ = $49,OOO/yr 
l day lkWohr l yr 
steam:	 (80,000 lb J( $4.70 J(352 day J = $130,OOO/yr 
l day llOOO lb steam l yr 
fuel gas:	 (53 MMBtu J( $3.30 J(352 day J = $62,OOO/yr 
l day lMMBtu l yr 
chemicals:	 (8 gaIJ($7.60J(352 dayJ = $21,OOO/yr_ 
l day l gal l yr 
SCOT process utility and chemical costs: $26(),OOO/yr. 
To calculate waste and disposal costs: 
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for SCOT process:	 ( $~.1O )(27 Ib sOln)(2 ton sUlfur)(352 day)lIb amme soln l ton sulfur l day l yr 
= $1900/yr. 
for BSRP: 
Stretford solution:	 ( $0.20 )(1400 Ib sOln)(2 ton sUlfur)(352 day)lIb Stretford soln l ton sulfur l day l yr 
= $200,O()O/yr. 
Stretford sulfur:	 ( $0.06 )(2000 Ib)(2 ton sUlfur)(352 day)lIb Stretford sulfur l ton l day l yr 
= $84,OOO/yr. 
Revenue from sale of sulfur from the SCOT process: 
(2 ton )($100)(352 day) = $70,OO()/yrl day l ton l year 
Total annual SCOT process costs (including waste disposal and revenue: 
$260,000 $1900 
+-- $70,000	 = $190,000/yr 
yr yr yr 
Total annual BSRP costs (including waste disposal): 
$160,000 $200,000
+ + $84,000 = $440,000/yr 
yr yr yr 
To calculate the present worth of chemical and utility costs and revenue, if any, calculate 
PIA for the three different interest rates: 
P 1.0530 - 15%: =	 = 15.37 
A 0.05 (1.0530) 
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P 1.1030 - 110%: = = 9.427 A 0.1 0 (1.1030) 
P 1.1530 - 115%: = = 6.566 
A 0.15 (1.1530) 
Net present worth for the BSRP and SCOT process are given in Table S1-6. BSRP is 
Table SI-6. Net present worth (excluding waste disposal costs and revenue from sales) 
of the SCOT process and the BSRP. 
Process Interest 
Present Value of Chemical 
and Utility Costs, MM$ Capital, MM$ 
Net Present 
Worth, MM$ 
SCOT 
BSRP 
5% 
10% 
15% 
5% 
10% 
15% 
4.0 
2.5 
1.7 
2.4 
1.5 
1.1 
4.0 
4.0 
4.0 
4.9 
4.9 
4.9 
-8.0 
-6.5 
-5.7 
-7.3 
-6.4 
-6.0 
favorable at 5% interest, the two processes are equivalent at 10% interest, and the SCOT 
process is favorable at 15% interest. 
Net present worth of the two options when waste disposal costs and revenue from sulfur 
sales are included is given in Table S1-7. When these values are included, the SCOT 
process is superior at all interest rates. 
OPEN-ENDED PROBLEM STATEMENT 
There are basically three options to choose from: staying with the BSRP as it is, 
switching to the SCOT process, and reducing the Stretford purge. Calculating the net 
present worth to compare these three ()ptions would not be correct because the leasing 
option would not have the same expected lifetime. Also the BSRP is in -place, while the 
SCOT process would have to be installed. Instead of calculating net present worth, the 
capital and operating costs will be left separate. The criteria to be evaluated in 
producing a recommendation along with their weights and bases for evaluation are given 
in Table S1-8. It was chosen to index the environmental factors to waste disposal costs 
because of the difficulty of assessing the impacts of the different wastes produced. The 
evaluations for these criteria are given in Table S1-9. The evaluations in this table must 
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Table S1-7.	 Net present worth of the SCOT process and the BSRP, including consideration of 
waste disposal costs and revenue from sulfur sales. 
Process Interest 
Present Value of Chemical 
and Utility Costs, MM$ Capital, MM$ 
Net Present 
Worth, MM$ 
SCOT 
BSRP 
5% 
10% 
15% 
5% 
10% 
15% 
2.9 
1.8 
1.2 
6.8 
4.1 
2.9 
4.0 
4.0 
4.0 
4.9 
4.9 
4.9 
-6.9 
-5.8 
-5.2 
-12 
-9.0 
-7.8 
Table Sl-8. Criteria, bases for evaluation, and weights for ranking tail-gas options. 
Weight, Criteria Basis for Evaluation 
0.2 
0.3 
0.5 
Technical Characteristics 
0.4 Timeliness 
0.6 Mode of Reduction 
Cost Factors 
0.33 Capital 
0.33 Operating and Maintenance 
0.33 Future Liabilities 
0.3 Remedial 
0.7 Catastrophic 
Environmental Factors 
indexed to the number of years to complete 
indexed to level in pollution prevention hierarchy 
indexed to $ 
indexed to $/yr, including waste disposal costs 
indexed to the number of potentially hazardous 
wastes produced 
indexed to estimate of increase, no change, or 
decrease in plant safety 
indexed to waste disposal costs 
now be converted to unitless scores, in this case from a to 100, with 100 being the best 
possible score. Wherever possible in this solution, this is done linearly. To make the 
conversions, decisions must be made about what evaluation is the worst possible and 
would be assigned a points, and what evaluation is the best possible arid would be 
assigned 100 points. It would not be correct to look at the range of evaluations given in 
Table S1-9 to determine the range from a to 100, because in some cases the evaluations 
might be very near each other, and in such cases they should be assigned scores that 
reflect this. For example, if three options are being considered, one of which costs $20, 
another $21, and the last $22, it would not be correct to assign a points to the $22 option 
and 100 points to the $20 option. Sometimes it is clear what the best and/or worst 
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Table S1-9. Evaluation of criteria for ranking tail-gas options. 
Criteria Evaluation 
Status-Quo Conversion to 
SCOT Process 
Stretford 
Regeneration Process 
Technical Characteristics 
Timeliness 
Mode of Reduction 
Cost Factors 
Capital 
Operating and Maintenance 
Future Liabilities 
Remedial 
Catastrophic 
Environmental Factors 
no time 
no reduction (7) 
0 
-$440,OOO/yr 
3 
no change 
$280,OOO/yr 
1 yr 
on-site 
recycling (3) 
$4x106 
-$210,OOO/yr 
2 
decrease 
$19,000/yr 
<1 yr 
on-site recycling (3) 
0 
$20,000/yr 
4 
increase 
0.8($200,000) + 
$84,000 
= $240,000 
possible evaluations are; more often, it is a judgement call. For the sake of simplicity, 
the evaluations will be converted to points on a linear basis wherever possible. 
For timeliness, let more than one year be assigned 0 points, one year 33 points, and no 
time 100 points. 
For mode of reduction, let the first level in the pollution prevention hierarchy correspond 
to 100 points and the 7th level correspond to 0 points, giving two equations and two 
unknowns. For the equation of a straight line y =mx + b, let y be the number of points 
and x be the level in the hierarchy. 
100 = m(l) + b 
o= m(7) + b -7 b = -7m 
100 =m - 7m = -6m -7 m = -16.7 -7 b = 117 
points(reduction mode) = -16.7(hierarchy level) + 117 
For capital cost, let $0 be assigned 100 points and $5xl06 be assigned 0 points, so that 
points(capital costs) = -2xl0-5(capital costs in $) + 100. 
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For operating costs, let -$500,000/yr be assigned 0 points and $O/yr be assigned 50 points 
so that 
points(operating costs) = 1x10-4(operating costs in $/yr) + 50. 
For future remedial liability, let 0 wastes be assigned 100 points and 5 wastes be assigned 
opoints, so that 
points(remedial liability) = -20(# of hazardous wastes) + 100. 
For catastrophic liability, let no change correspond to 50 points, a decrease in liability
 
correspond to 100 points, and an increase in liability to 0 points.
 
For environmental factors, let $0 be assigned 100 points and $300,000 be assigned °
 
points, so that 
points(environmental factors) = -3.3xlO-4(waste disposal costs in $/yr) + 100. 
Point assignments are given in Table Sl-10. The total weighted points are arrived at by 
multiplying the point assignment by the weight. Using the status-quo as an example: 
Table S1-10. Point assignments for ranking tail-gas options. 
Criteria Weight 
Point Assignments 
Status-Quo 
Conversion to 
SCOT 
Process 
Stretford 
Regeneration 
Process 
Technical Characteristics 0.2 
Timeliness 0.4 100 33 66 
Mode of Reduction 0.6 0 67 67 
Cost Factors 0.3 
Capital 0.33 100 20 100 
Operating and Maintenance 0.33 6 29 52 
Future Liabilities 0.33 
Remedial 0.3 40 60 20 
Catastrophic 0.7 50 100 0 
Environmental Factors 0.5 8 94 21 
WEIGHTED TOTAL 1.0 27 71 39 
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total weighted points = O.2(O.4xlOO + O.6xO) 
+ O.3(O.33xlOO + O.33x6 + O.33(O.3x40 + O.7x50)) + O.5x8 
= 27 points. 
Using these criteria with these evaluations yields a recommendation for converting to the 
SCOT process. Next would be leasing the Stretfor regeneration process. 
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MODULE TWO 
QUESTIONS FOR DISCUSSION 
1) It is difficult to estimate fugitive emissions because there can be thousands to tens of 
thousands of components responsible for the emissions, making measurement impossible. 
Accurate estimates are important because fugitive emissions make up a large portion of 
the total emissions from SOCMI plants and refineries. 
2) The incentive for developing facility-specific correlation curves for estimating fugitive 
emissions is that this method produces the most accurate picture of fugitive emissions. 
For a facility that aggressively pursues reductions in fugitive emissions, the emission 
estimates using this method will be lower than those obtained using emission factors. A 
disincentive for developing facility-specific curves is that it is a very expensive, labor­
intensive way to estimate emissions. 
3) The cost would approach infinity as emissions approached zero, and emissions would 
approach plant throughput as the costs of reducing them approached zero. 
PROBLEM STATEMENT 
1)	 To get the estimated emissions for the component types, multiply the estimated emissions 
per component by the number of components. Using pump seal in light liquid service in 
the cracker as an example: 
emissions = (6 sources)(1.0 kg VOC)(o.ll kg VOC) = 0.66 kg VOC/hr l kg VOC l hr·source 
Table S2-1 gives the distribution of emissions for the two units. Although there are a 
third again as many components in the H2 plant as in the cracking unit, the H2 plant has 
lower estimated fugitive emissions. For both units, the majority of emissions are from 
valves. Also, pressure relief valves are important contributors to fugitive emissions for 
both units. The major emission distribution difference between the two units is in the 
compressor selas: they are a much more significant fraction of total emissions in the 
cracking unit than in the hydrogen plant. 
2)	 Sample calculations for Stream #1 in Table M2-3 are given below: 
Using the average emission factor: 
Eave = (O.95)(O.6l0.00597 kg )(24 hr)(352 daY)(2.2 Ib)(l source) = 63 lb/yrl hr·source l day l yr l kg 
Using the leaklno leak emission factor (130 ppm is less than 10,000 ppm, so use the n<) 
leak factor): 
E L = (o.6l0.000131 kg )(24 hr)(352 daY)(2.2 Ib)(l source) = 1.5 lb/yr
L 
IN l hrsource l day l yr l kg 
Using correlations (use the first correlation because 130 ppm is greater than 0.1 ppm): 
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Table 82-1. Fugitive emissions from a cracking unit and a hydrogen plant at a refinery. 
Emissions, kg/hr 
(distribution in parens) 
Component 
Pump Seals 
Compressor Seals 
Valves 
Connectors 
Relief Valves 
Open Ended Lines 
Sampling Taps 
TOTAL 
Service* 
LL
 
HL
 
HC Gas
 
H2 Gas
 
HC Gas
 
H2 Gas
 
LL
 
HL
 
All
 
Gas
 
Liquid
 
All
 
All
 
-

Cracker 
0.66 (4.8%) 
0.19 1.4%) 
2.5 (18%) 
0 (0%) 
5.4 (39%) 
0 (0%) 
2.2 (16%) 
0.059 (0.43%) 
0.57 (4.1 %) 
1.8 (13%) 
0.11 (0.80%) 
0.064 (0.46%) 
0.26 (1.9%) 
14 (100%) 
H2 Plant 
0.22 
0.042 
(1.9%) 
(0.36%) 
0 
0.30 
(0%) 
(2.6%) 
1.9 
0.66 
4.7 
0.85 
(16%) 
(5.7%) 
(41%) 
(0.73%) 
0.83 (7.2%) 
2.4 
0.014 
(21 %) 
(0.12%) 
0.084 (0.72%) 
0.36 (3.1 %) 
12 (100%) 
*HL: heavy liquid, LL: light liquid, He: hydrocarbon 
E = (0.6)(0.00033)(130t86 ( g )(24 hr)(352 day )( 2.2 Ib )(1 source)
corr ~hr·source l day ~ yr ~ 1000 g 
= 0.24 lb/yr. 
Solutions for all the streams are given in Table 52-2. Estimates for the three methods 
differ widely. The estimate using correlation curves is two orders of magnitude lower 
than the estimates using emission fact()rs, which are themselves different by a factor of 
two. For both the leak/no leak emission factor and the correlation curve method, the one 
leaking valve dominates the total emissions. The total estimated emissions are therefore 
almost directly related to the value of rnA f()r this one valve using those methods. 
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Table S2-2. Fugitive emissions from valves estimated using three different methods.
 
Stream 
Emission Factor, 
kg/hr/source 
Correlation 
Curve 
Emissions, Ib/yr 
Average 
LeakIN0 
Leak 
Average 
Emission 
Factor 
LeakINo 
Leak 
Factor 
Correlation 
Curves 
1 0.00597 0.000131 1st 63 1.5 0.24 
2 0.00597 0.000131 2nd 190 4.4 0.0046 
3 0.00403 0.0892 1st 43 990 11 
4 0.00403 0.000165 1st 43 1.8 0.77 
5 0.00403 0.000165 1st 43 1.8 0.15 
6 0.00403 0.000165 1st 43 1.8 0.059 
7 0.00403 0.000165 1st 67 2.8 0.040 
8 0.00403 0.000165 1st 67 2.8 0.022 
9 0.00403 0.000165 1st 67 2.8 0.0055 
10 0.00403 0.000165 2nd 600 25 0.020 
11 0.00403 0.000165 2nd 520 21 0.018 
12 0.00403 0.000165 2nd 270 11 0.0091 
'OTAL l 2()00 1100 12 
OPEN-ENDED PROBLEM STATEMENT 
The first task is to find a relationship between dollars spent on LDAR and fugitive 
emissions. As the dollars spent on leak detecti()n and repair approach $0, the ~missions 
approach the throughput of the plant, and as the emissions approach zero, the cost of leak 
detection and repair approaches infinity. An equation for exponential decay might be 
used to fit the given data. The data pairs are given in Table M2-5, and the 200 tons/yr, 
$20,000/yr data pair can be included with these. If y equals the cost of LDAR and x is 
the emissions in tons/yr, exponential regression yields the equation 
y = 330e-o.0033x. 
This curve is plotted in Figure 52-1. Note that when x = 0, y = 330, so this curve does 
not necessarily fit points outside fo the data set very well. 
Now, if the the cost of the lost product is $3.10/gallon, it is possible to find an 
approximate minimum cost. If the density of the product is close to that of water, the 
cost of lost product can be converted to dollars/ton for plotting along with LDAR costs 
in Figure 52-1. 
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Figure S2-1. A correlation between the cost of LDAR and fugitive emissions. 
($3.1OJ(em3XIOOO gJ(2000 IbJ(264 gal J = $744/tonl gal II g 2.2 lb l ton 106 em 3 
or 
y =O.744x, 
where y is the cost of lost product in thousands of dollars and x is the lost product in 
tons. 
Where the sum of the two costs fonns a minimum is an optimal level of funding for an 
LDAR program. 
y = 330e-o.0033x + O.744x 
o = dy = 330(-0.0033)e -.0033x + 0.744 
dx 
In( -0.744 J = In(e -O.0033X) = O.0033x 
l-1.089 
x=115,y=311. 
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This point falls clse to an LDAR program with quarterly inspections and a leak: definition 
of 500 ppm, but would be less stringent. Either a less frequent monitoring frequency or ­
a higher definition of leak could be recommended. The costs of the current LDAR 
program plus the lost product is roughly 
$92,000 + $744 (500 tons J= $460,000/yr. 
yr ton yrl 
The costs for the recommended program are $310,()OO/yr. Thus, emissions are projected 
to drop by 
(500 - 115) tons/yr = 390 tons/yr 
for a savings of $150,OOO/yr. Per pound of reduced release, the suggested program costs 
y = 330e-o.0033(l15) = $230,000/yr. 
To convert to the cost per pound of reduction: 
$230,000 ( yr J( ton J= $0.29/1b. 
yr l390 tons l2000 Ib 
This compares very favorably to the cost per pound of reduction through the use of 
leakless components ($20/lb). 
While the suggested level of LDAR will result in savings, there are a number of other 
benefits: increased plant safety, due to the fact that catastrophic releases generally 
develop over time; better community relations; improved worker health and/or employee 
relations; possible credit for early reductions in the CAAA or possible fall beneath the 
threshold of major facility for HAP emissions; and an improved environment are a few 
of the benefits that are not measured in tenns of direct costs. 
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MODULE THREE 
QUESTIONS FOR DISCUSSION 
1) Permits for individual process heaters might require a specific type of control technology, 
such as selective catalytic reduction. Facility-wide pennitting would allow facilities to 
trade emissions among its own process units to meet emissions limits. 
2)	 Heat integration reduced NOx emissions by lowering the energy requirements of a facility, 
not by lowering the emissions of NO per unit of energy. Therefore, pennitting x 
requirements that are stated in terms of emissions per unit of energy would provide no 
incentive for a facility to pursue heat integration. 
PROBLEM STATEMENT 
1) The fuel flow rate from Table M3-4 must be converted to energy flow by multiplying by 
the HHV for the fuel. Using Heater #1 as an example for obtaining heat output in 
MMBtu/yr: 
energy flow rate =	 (5400 MSCF)( 1380 BtU)( 1000 SCF )(MMBtu )(352 day) 
l day l SCF l MSCF l106 Btu l yr 
= 2.6x106 MMBtu/yr. 
Next, calculate the emissions, uncorrected for hydrogen content in the fuel. Heater #1 has 
a natural draft low NOx burner. The emission factor is 0.098 Ib/MMBtu, and from Table 
M3-5 the reduction efficiency for LNBs is 50%. Uncorrected emissions per year are 
6 
E = (2.6x10 MMBtU)(0.098 lb )0.5 = 130,000Ib/yr. 
u yr lMMBtul 
To correct for hydrogen in the fuel, make two equations with two unknowns from the 
available data. If the equation of a straight line is 
y = mx + b, 
where y is the correction factos and x is the mole fraction hydrogen, then 
1.2 = m(O.5) + b 
1.0 = m(O) + b 
Solving for m and be yields the equation 
y = O.4x + 1. 
For fuel that is 9 mole % hydrogen, the correction factor is 1.036. The corrected 
emissions are 
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=1.036(130,000 lb/yr) 
= 130,000 lb/yr. 
Results for all the heaters are given in Table S3-1. 
Table 53-1. Emissions from process heaters. 
Heater 
No. 
Heat Output, 
MMBtu/yr 
Emission Factor, 
Ib/MMBtu 
Fraction 
Reduction 
H2-Corrected 
Emissions, lb/yr 
1 2,600,000 0.098 0.5 130,000 
2 1,000,000 0.098 0.5 52,000 
3 580,000 0.098 0.5 30,000 
4 58,000 0.098 1 5900 
5 63,000 0.098 1 6400 
6 92,000 0.098 1 9400 
7 83,000 0.098 1 8400 
8 280,000 0.197 0.5 28,000 
9 420,000 0.197 0.5 43,000 
10 2,100,000 0.098 1 220,000 
11 260,000 0.098 1 26,000 
12 120,000 0.098 1 12,000 
13 1,200,000 0.098 0.5 59,000 
14 970,000 0.098 0.5 49,000 
15 580,000 0.098 0.5 30,000 
16 480,000 0.098 1 49,000 
17 83,000 0.098 1 8400 
TOTAL 11,000,000 770,000 
2) Heat transfer is equal to 
Heat transfer is also equal to 
C 
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Solving for Th2 yields 
Substituting into the first relationship gives 
This simplifies to 
/ 
rh rh 
e e
+ 1 Tel - - + 1 T e2
rh h rh h 
I' '\ + T e2· 
rile = (175,000 )(0.85) = 6.022 
rilh 26,OO() 0.95 
3 
th - (175,000 barrels)(42 gal)( em J(0.85 g)( day )( hr ) 
day barrel l2.64172xlO-4gal em 3 24 hrs 3600 s 
= 273,700 g/s. 
Substituting in values gives 
--------------
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(- 5.022Tel + 5.022(152OF))T = ~...,.-_""'--~....,..-_~_ -......-- + 152°P. 
cl 
-6.022Tel - (-5.022)(152°F) + 332°F In 
-5.022TCI + 763.3 OF 
= 0.4135-~------~ + 152°P. 
-6.022TCI + 1095°P 1n------­
332°P - Tel 
Iterating for Tcl : 
chosen value calc value calc - chosen 
180 174 -6 
170 198 28 
175 188 13 
178 181 3 
179 178 -1 
178.5 179.1 0.55 
178.8 178.2 -0.62 
178.6 178.8 0.2 
178.7 178.5 -0.2 
178.65 178.62 -0.03 
So TCI = 179°F (the 178.65 value will be used to calculate Th2 -- the value of Th2 is very 
sensitive to the value of Tcl ). 
= -6.022(178.65 -152)OF + 332°F = 172°P.Th2 
3) First, solve for q in MMBtu/yr: 
q = rh c L\T 
e pc e 
x (24 hr)(352 daY)(MMBtU)l day l yr l106 Btu 
= 225,000 MMBtu/yr. 
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This is the energy savings per year due to the heat exchanger. To convert to savings in 
operating costs, multiply by the cost of energy: 
cost savings = (225,000 MMBtU)( $3 ) = $675,000/yr. 
l yr lMMBtu 
The exchanger capital cost is 
capital cost = ($:20Juoo m2) = $385,000. 
The payback period is 
payback period = $385,000 = 0.6 yrs or 7 mos. $675,0()0/yr 
4) multiply the emission factor by the energy savings (q): 
E =	 (0.197 lb)(275,000 MMBtU) = 44,000 lb/yr. 
lMMBtu l yr 
OPEN-ENDED PROBLEM STATEMENT 
One way to solve this problem would be to develop expressions for the cost per pound 
of NOx reduction and choose the lowest C()st alternatives, continuing undil the goal is 
achieved. While these expressions will not precisely model the data from the tables, they 
will provide a framework for decision-making. After techniques are chosen, costs can be 
calculated more carefully from the tables and a comparison between the modeled costs 
and the calculated costs will provide a glimpse into the validity of the technique. First, 
define the variables: 
R = heater rating in MMBtu/hr 
C = fraction of capacity at which heater perfornls 
Femis = emission factor in Ib/MMBtu 
FH-H = correction factor for hydrogen in fuel 
Fredl = factor by which burner/single technique reduces NOx emissions 
Fred2 = factor by which 2nd/stack technique reduces NOx emsissions 
A = annual costs of technique, $/yr 
Eff = cost effectiveness of technique, $/lb of NO reducedx 
Eff =	 A _ 
RCFemisFH-HFredl(1 + Fred2)(24)(352) 
Next, develop expressions for the annual costs (A) of each strategy. In general, A = 
f(rating, capacity), but for LNB/ND and ULNB/ND heaters, A is not dependent on 
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capacity. Linear regressions of the data for LNBs and ULNBs in Table M3-7 gives the 
equations 
ALNB/ND = 271R + 3690 (r = 0.99). 
and 
AULNBIND = 217R + 4390 (r2 = 0.99). 
It is more difficult to develop expressions for the annual costs of the remaining strategies 
because they depend on both heater rating and capacity. However, most of the heaters 
are operating somewhere near 50% capacity, and the variations in A from C = 0.1 to C 
= 0.9 are generally minor (less than 10%). An exception is the annual costs for SNCR: 
These costs vary significantly across capacity. For SNCR/ND, find an expression for A 
at C = 0.5 and then find an expression for a correction factor to apply at other capacities. 
Again, linear regression of the data in Table M3-7 gives 
ASNCRlND, C =0.5 = 528R + 21300 (r2 = 0.99). 
From examination of the data in Table M3-7, it can be seen that the correction factor fOf 
increased capacity is fairly constant across capacity changes, but increases with increasing 
heater rating. To get the correction factof, find the values of the correction factor for 
every 0.4 increase in capacity factor at each rating. A power regression provides a good 
fit for the data and yields the equation 
correction factor for capacity = 0.98Ro.0202 (~ = 0.99). 
For C > 0.5, A is directly related to the correction factor and for C < 0.5, A is inversely 
related to the correction factor. This could be written 
A = (correction factor)b(A at C = 0.5) 
b = 1 at C = 0.9 
b=-latC=0.1. 
The value of b depends linearly on C, and solving for the slope and intercept gives 
b = 2.5C - 1.25. 
Therefore, 
ASNCR/ND = (0.98Ro.0202)2.5C - 1.25(528R + 21300). 
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The expression for the annual costs of SCR/ND at C = 0.5 from a linear regression of the 
points is -
ASCRIND = 3320R + 128,000 (i = 0.99), 
and for LNB+FGR/ND, it is 
ALNB+FGRIND = 942R + 28,200 (i = 1.0). 
There are only two mechanical draft burners and to reduce error, the values of A for these 
burners is interpolated from the data in Table M3-8. For Heater #8, R = 129 and C = 
0.254, and for Heater #9, R = 73 and C = 0.677. Interpolated values are 
LNB ULNB SNCR SCR LNB+FGR 
Heater #8: 82100 83100 89900 503000 118000 
Heater #9: 42200 43200 69700 360000 69700 
The cost of adding SCR to a MD burner must be modeled, in order to cost the 
combination of LNB+FGR+SCR for the natural draft burners (in order to avoid adding 
the cost of converting the burner to mechanical draft twice). From a linear regression of 
the points in Table M3-8, 
ASCR/MD = 2590R + 162,000 (i = 0.99). 
There are 11 possible combinations of techniques. These are: 
1) LNB, 
2) ULNB, 
3) SNCR, 
4) SCR, 
5) LNB+FGR, 
6) LNB+SNCR, 
7) LNB+SCR, 
8) ULNB+SNCR, 
9) ULNB+SCR, 
10) LNB+FGR+SNCR, and 
11) LNB+FGR+SCR. 
(Note: It would be possible to separate ()ut FCR costs and have ULNB+FGR 
combinations, but that will not be d()ne here.) 
Calculate Eff for all the heaters and all the possible combinations. When combination 
technologies are used, the reduction in NOx is not directly additive. This means that if 
a low NOx burner and SCR are installed on a heater, the emissions are not reduced by the 
sum of the reduction efficiencies. Instead, emissions are reduced as shown in the 
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expression for Eff. Table 53-2 gives all the relevant values for the LNB option, and 
Table 53-3 gives Eff for all 11 options. Table 53-3 is organized so that the most ­
effective strategies are on the left and the least effective strategies are on the right. One 
way to systematize the choices is to pick ou the lowest value in each row. Any values 
to the right of this value are less attractive (they cost more per pound for less reduction). 
Then, number the Effs from lowest up and adjust the total emissions for the most cost 
Table 53-2. Values for LNB option. 
Heater 
Number Femis Fredl Fred2 
post-retro 
emissions, 
lb/yr 
emission 
reduction, 
lb/yr A, $/yr 
Eff, 
$/lb 
1 0.098 0.5 0 133,000 0 128,000 -
2 0.098 0.5 0 51,800 0 47,300 -
3 0.098 0.5 0 29,600 0 33,000 -
4 0.098 0.5 0 2960 2960 8350 2.82 
5 0.098 0.5 0 3210 3210 8350 2.61 
6 0.098 0.5 0 4690 4690 9410 2.01 
7 0.098 0.5 0 4190 4190 9410 2.24 
8 0.197 0.5 0 28,300 0 82,100 -
9 0.197 0.5 0 42,600 0 42,200 -
10 0.098 0.5 0 109,000 109,000 147,000 1.35 
11 0.098 0.5 0 13,100 13,100 14,400 1.10 
12 0.098 0.5 0 6160 6160 21,000 3.41 
13 0.098 0.5 0 59,200 0 81,700 -
14 0.098 0.5 0 49,300 0 63,300 -
15 0.098 0.5 0 29,600 0 28,400 -
16 0.098 0.5 0 24,400 24,400 28,400 1.16 
17 0.098 0.5 0 4190 4190 694() 1.66 
effective techniques until a 65% overall reduction in emissions is achieved. Using this 
method, the heater configurations shown in Table 53-4, along with their modeled and 
interpolated/extrapolated costs and their post-retrofit emissions, were chosen. Total 
annualized costs for the recommended techniques is close to one million dollars. Overall, 
modeled costs are with 10% of the costs interpolated/extrapolated from the -tables. The 
difference is due almost entirely to differences in the two methods for heaters whose 
burner ratings were higher than those in Table M3-7. 
Most of the heaters would be fitted with ultra-low NO burners, which would not cause x 
a change in reliability or environmental impacts, except to emit less NOx• Three of the 
heaters would be fitted with a combination of ultra-low NOx burners and selective non­
Table 53-3. Cost effectiveness of 11 techniqes for NO reduction.x 
Heater 
Cost effectiveness, $/lb 
Number LNB LNB 
ULNB ULNB +FGR LNB+ +FGR LNB+ LNB+ 
+SCR +SNCR +SCR SCR +SNCR SNCR SCR ULNB SNCR FGR LNB 
1 17.54 3.55 22.99 24.84 16.48 3.44 na 1.56 na na na 
2 18.10 3.65 25.09 25.72 17.08 3.60 na 1.52 na na na 
3 23.22 4.57 33.24 33.05 21.69 4.53 na 1.88 na na na 
4 37.34 7.18 54.80 43.66 19.73 8.12 62.88 1.83 8.48 78.64 2.82 
5 34.47 6.64 50.58 40.30 18.23 7.52 58.04 1.69 7.85 72.59 2.61 
6 25.27 4.92 36.51 29.57 13.47 5.59 42.49 1.28 5.78 53.78 2.01 
7 28.24 5.47 40.80 33.05 15.03 6.22 47.49 1.43 6.42 60.10 2.24 
8 23.71 7.65 24.61 23.74 6.96 5.30 na 5.88 na na na 
9 10.81 3.31 11.73 11.26 3.56 2.72 na 2.03 na na na 
10 10.52 2.13 12.22 12.46 5.94 2.56 17.39 0.73 2.29 25.34 1.35 
11 11.92 2.41 16.32 14.00 6.55 2.78 19.96 0.66 2.79 26.27 1.10 
12 33.28 6.40 43.63 39.16 17.95 7.48 55.51 1.98 7.13 75.22 3.41 
13 25.98 5.06 34.73 36.83 23.86 4.86 na 2.26 na na na 
14 24.66 4.82 33.46 34.99 22.77 4.67 na 2.11 na na na 
15 20.50 4.09 29.82 29.22 19.34 4.09 na 1.63 na na na 
16 10.64 2.16 13.54 12.54 5.93 2.54 17.71 0.66 2.42 24.46 1.16 
17 23.85 4.68 35.85 27.84 12.67 5.25 40.24 1.11 5.62 49.39 1.66 
(I) 
o 
r­
c: 
:j 
~ 
<3 
~ 
CJ 
~ 
fl1 
\)
::n 
o 
~ 
~ 
C/) 
NOTE: fields filled with na indicate that techniques were not applicable because of existing reduction tcchnology. 
~ 
~ 
w 
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Table 53-4. Retrofit technologies, annualized costs, and emissions for process heaters. 
Heater 
Number 
Retrofit 
Technology 
Modeled 
Annualized 
Costs, $/yr 
Interpolated! 
Extrapolated 
Annual Costs, $/yr 
Post-Retrofit 
Emissions, 
lb/yr 
1 ULNB/ND 104,000 131,000 67,000 
2 ULNB/ND 39,300 48,700 26,000 
3 ULNB/ND 27,800 33,000 15,000 
4 ULNB/ND 8120 10,000 1500 
5 ULNB/ND 8120 10,000 1600 
6 ULNB/ND 8970 11,100 2300 
7 ULNB/ND 8970 11,100 2100 
8 LNB/MD* -
° 
28,000 
9 ULNB/MD - 43,200 21,000 
10 ULNB+SNCR/ND 417,000 412,000 22,000 
11 ULNB+SNCR/ND 56,800 59,000 2600 
12 ULNB/ND 18,300 19,800 3100 
13 ULNB/ND 66,900 84,100 30,000 
14 ULNB/ND 52,100 65,200 25,000 
15 ULNB/ND 24,100 26,900 15,000 
16 ULNB+SNCR/ND 95,000 97,800 4900 
17 ULNB/ND 6990 8500 2100 
TOTAL 986,000 1,070,000 270,000 
* No retrofit recommended for this heater. 
catalytic reduction. Again, reliability would not be seriously impacted. However, the 
SNCR could result in increased emissions of ammonia, nitrous oxide, carbon monoxide, 
and particulate matter. 
